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ABSTRACT
Maintenance of genetic diversity is a critical component to the management and recovery
of imperiled species. By ensuring that a species’ genetic diversity is maintained, issues like
inbreeding depression and loss of local adaptation can be prevented. However, the genetic
diversity of many species are not well-characterized, and the factors that influence a species’
genetic diversity are often not well understood. In the case of imperiled unionid freshwater
mussels, it is important to conduct conservation genetic assessments to aid in their management
and preserve genetic diversity. This is the first study to conduct a comparative conservation
genomic assessment for eight unionid species. By sequencing 3RAD libraries, I characterized
single-nucleotide-polymorphism (SNP) variation in these species across their ranges in North
Carolina and beyond. I obtained thousands of neutral SNPs across the genome for each focal
species. With the newly obtained genomic data and associated spatial data I addressed three main
questions: 1) What is each species’ population structure and how is genetic diversity distributed
across the landscape? 2) Which landscape factors have the strongest influence on population
genetic structure and diversity? 3) How do life-history traits mediate species’ genetic responses
to landscape factors? I observed that population structure was rarely observed below the spatial
scale of basin or watershed, suggesting substantial gene flow occurs among connected streams in
the same watershed. I found that fluvial distance and the type of barriers between locations were
the most significant drivers of genetic differentiation among individuals, whereas drainage area
was the most significant, landscape variable, driver of genetic diversity within individuals.
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Individuals occupying sites with relatively small upstream watershed areas (<1,500 km2), little
human development (<10% developed area), and a large amount of forested landcover (>70%)
exhibited the highest heterozygosity. Life-history traits such as longevity and fecundity appeared
to mediate genetic diversity within individuals. Species with “slower” life-histories (lower
fecundity, longer lifespans) exhibited higher genetic diversity than species with “faster” lifehistories (higher fecundity, shorter lifespans). Including life-history traits in a conservation
genomic assessment provides novel insights into evolutionary ecology that helps to explain or
predict the genetic response of a species to their environment.
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CHAPTER ONE: GENERAL INTRODUCTION
Purpose
Biodiversity is a key component to many ecosystems because it fosters resilience. Hence,
when the biodiversity of an ecosystem is decreased it can cause instability and collapse
(Bellwood et al., 2004). In addition to the intrinsic value of healthy ecosystems that biodiversity
can provide, biodiversity has direct economic and ecological importance. Biodiverse ecosystems
have a better ability to provide valuable ecosystem services and higher ecosystem resilience to
impacts such as disease and natural disasters. Thus, biodiverse ecosystems will be better able to
persist and provide valuable services, such as erosion and flood control (Jaiswal & Pandey, 2021;
Soto-Montes-de-Oca et al., 2020). Not only is the biodiversity of the collective species in an
ecosystem important, but the genetic diversity of a species within the ecosystem are also
important. Loss of genetic diversity can cause issues on the individual scale, such as inbreeding
depression, which can lead to a decrease in fitness (Keller, 2002). This loss in fitness can
eventually lead to loss of biodiversity at the ecosystem level and at the most extreme can lead to
whole ecosystem to collapse. With the growing number of species being listed as threatened,
endangered, or extinct, it is increasingly important to preserve any biodiversity that is currently
present (Bellard et al., 2012; Cardillo et al., 2006; Ceballos et al., 2015, 2017; Chapin III et al.,
2000).
One approach to preserving biodiversity is to preserve species by managing their genetic
diversity. However, for many species, a thorough understanding or description of how their
genetic diversity is distributed across the landscape is missing. With an understanding of the
spatial distribution of a species’ population genetic diversity, managers can effectively prioritize
populations for conservation. Also, managers can identify areas and landscape factors that are
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associated with high or low genetic diversity. Landscape factors associated with high genetic
diversity could represent high quality habitat and be used to search for new populations or find
areas of suitable habitat for species reintroductions. Understanding the spatial distribution of the
genetic diversity of a species can be a powerful tool in preserving and understanding
biodiversity.
Preserving genetic diversity using an individual species level approach to management
can eventually scale up to preserving global biodiversity. It is especially important for imperiled
species that have limited genetic resources. Unionidae is the most diverse family of freshwater
bivalves. However, this family is one of the most endangered group of organisms in the world,
with almost 85% of all unionid species in the United States listed as either threatened or
endangered (Lochmann, 2019). Because the Southeastern United States is one of the most
diverse regions for unionids in the world, it is important to focus on that region and take action to
maintain the current unionid biodiversity (Haag & Williams, 2014; Richard J. Neves et al.,
1997). In this study, I examine the spatial distribution of genetic diversity of eight imperiled
unionid species in North Carolina. I also identify landscape factors that are important in shaping
the observed genetic distribution and how biological traits affect a species’ genetic response to
landscape factors.
Unionids and Their Importance
Unionids are the most species-rich family of freshwater mussels in the world with
approximately 958 species (Graf & Cummings, 2021; Haag, 2012). Unionid mussels are
important in the anthropology of North America with many rivers and places having names that
make reference to them (Haag, 2012). Mussels were important to past human communities
because large mussel beds were a significant resource of food and materials. Historically,
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mussels beds were common and they were often the largest component, by mass, of the systems
they occurred in (Anthony & Downing, 2001; Haag, 2012). Freshwater mussels are not well
understood and are poorly studied compared to other freshwater organisms, but they harbor a
large diversity and employ reproductive strategies not seen in any other organism (Haag, 2012).
The life histories of unionids are unique and their intricacies can provide material for
many future evolutionary studies. The unionid family is so diverse that even their life cycle can
vary depending on certain characteristics they exhibit such as hermaphroditism, parasitic versus
nonparasitic larvae, and larvae that parasitize other organisms instead of fish, like salamanders
(Barnhart et al., 2008; Haag, 2012). Barring such exceptions, the unionid life-cycle typically
follows these steps. First, fertilization occurs, where males release gametes into the water column
and the gametes are then captured downstream by a female. Once the gametes are attained the
eggs are moved to special gill chambers called marsupia, where they are fertilized and brooded
for a period of time. During this time, the offspring develop from eggs into the larval stage. The
majority of unionid species’ larvae are obligate fish parasites called glochidia. After encysting to
a fish host (either to their gills or fins) the larvae will drop off of the host and land in the stream
sediment where they will further develop and ultimately spend the rest of their life. Up to this
point there are two opportunities for the dispersal of unionids and their genes, when males
release gametes into the water column downstream dispersal occurs, and when the glochidia are
attached to their fish hosts largescale dispersal in any direction can occur. Outside of these
developmental periods unionids can also exhibit dispersal as adults. One way that adults disperse
is during high flow events they can be carried downstream with the increased current. For
example, the Brook floater (Alasmidonta varicosa) one focal species in the present study, has
adapted the ability to inflate parts of their mantle tissue in order to float downstream. However,
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fish hosts are the most common dispersal mechanism and are likely able to achieve the farthest
dispersal, as well as being able to disperse both up and downstream.
In order to successfully find and encounter fish hosts for their parasitic larvae, mussels
have evolved diverse strategies to attract potential fish hosts (Figure 1.1). These strategies
include releasing glochidia freely into the water column to randomly attach to nearby fish hosts
and creating intricate lures or conglutinates to attract specific fish host species by mimicking host
fish prey items. By attracting specific fish hosts, mussels can utilize the characteristics associated
with that species, such as dispersal potential or habitat preference. If a mussel creates a lure to
attract a small darter species, the species will likely have limited dispersal potential because
darters are a small benthic fish that have a smaller dispersal potential than other fish species,
such as the catadromous American Eel that undergoes large scale migrations. However, many
darter species are specialized for habitats with gravel substrate and fast flowing water, which
comprises suitable habitat for many unionid species (Drew et al., 2018; Rohde et al., 2009).
Understanding these life history factors are key to understanding how mussels interact with their
environment and how those interactions influence their genetic diversity.
Managing the genetic diversity of unionids can help to preserve this diverse family of
organisms that have significant economic, ecological, and cultural value. In the past, unionids
were the source for a large button and pearl industry that employed thousands of people
(Anthony & Downing, 2001). However, overharvesting led to the collapse of the populations that
sustained that industry, and the demand for buttons made from freshwater mussels decreased as
plastic became more widely available. Through ecological processes mussels are able to provide
services like sediment stabilization and water filtration that are otherwise costly when human
engineered processes are used (Rife, 2018; Vaughn, 2018). By maintaining and improving the
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ecosystems they occupy, unionids create habitat for many other organisms too, helping to
maintain the local biodiversity (Vaughn & Hakenkamp, 2001). A study conducted in Oklahoma
found that the typical person was willing to pay $270.81 annually for services that are provided
for free by unionids (Castro et al., 2016). By managing unionid populations, ensuring their health
and diversity we can increase their potential to provide these services, which return economic
value to humans.
Many factors that have led to the imperilment of unionids and other aquatic organisms
(e.g., fishes, crayfishes, salamanders, other mollusks) are anthropogenic in origin. The first and
most direct anthropogenic impact to unionids was overharvesting, but is no longer an issue as the
industries that harvested unionids no longer exist (Anthony & Downing, 2001). Mussels have
also been facing declines due to habitat degradation and fragmentation (Fuller, 2017; Galbraith
& Vaughn, 2011; Pavlova et al., 2017). Human activities such as urbanization and agriculture
have directly affected mussel habitats by channelizing, redirecting, and reverting water from
streams (Fuller, 2017). These activities have also increased pollutants, such as heavy metals and
nutrients in the water, and because unionids are filter feeders, they are especially sensitive to
pollution in the water column (Fang et al., 2015; Hart & Fuller, 1974; Jamil et al., 1998).
Mussels are also sensitive to siltation because increases in the sediment load of a stream can lead
to the accumulations of sediment that can suffocate the mussels (Fuller, 2017; James, 2019).
Siltation is an increasingly prevalent issue in stream ecosystems due to increasing human
activities like deforestation, agriculture, and commercial development that increase runoff into
streams (Razali et al., 2018). Finally, climate change is expected to have indirect but broad-based
negative impacts on unionids (Spooner & Vaughn, 2008). Climate change causes changes in
temperatures and weather patterns that can cause a complete shift in an ecosystem and make it
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unable to support the current local fauna. An example of rising temperatures causing complete
shifts in an ecosystem is where mangroves are encroaching on oyster reef habitats (McClenachan
et al., 2021). Changing from an oyster reef to a mangrove forest causes a complete change in the
ecosystem structure that leads to a change in the fish and macroinvertebrate community
compositions, leading to a complete shift in the local biodiversity (McClenachan et al., 2021).
Both unionids and oysters are relatively sedentary, and thus do not have the ability to move to
another location to seek refuge from changing conditions. Therefore, changes to the environment
can be fatal to unionids. All of these factors have contributed to unionids becoming one of the
most imperiled organisms in the world. Because the southeast is one of the largest biodiversity
hotspots in the world for unionids it is important to take action to maintain the biodiversity
present in that region (Graf & Cummings, 2021; Richard J. Neves et al., 1997).
Understanding the population genetic structure of unionids can allow for effective
management of their genetic diversity. Many unionids have experienced severe decreases in
population sizes, causing decreases in genetic diversity through processes like inbreeding
depression and local extinctions that lead to the loss of local adaptation. For the unionid species
in this study, there is still a large lack of understanding of the genetic diversity and population
genetic structure of these species across their range in North Carolina. Therefore, little is known
about how landscape features and species’ traits impact the genetic diversity and gene flow of
the species. This study focuses on utilizing novel genomic techniques to measure genetic
diversity and relationships among unionids. To my knowledge, this is the first study to
characterize genomic-scale SNP variation in any of the eight unionid species I studied, and
moreover is the first comparative genetic study of such a large suite of unionid species using any
type of genetic marker. I also utilize a novel conceptual framework and statistical approach that
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identifies and quantifies the effects of species’ traits on the interactions of landscape factors with
genetic diversity and gene flow.
In this study, I conducted conservation genetic analyses on eight imperiled unionid
species, focusing on their range in North Carolina and surrounding states. Four of the species are
listed as federally endangered under the Endangered Species Act of 1973: Alasmidonta
heterodon (Cordeiro, Master, & Morrison, 2021; Wicklow & McRae, 2013), Alasmidonta
raveneliana (Bibb et al., 2005), Parvaspina collina (Moser, 1990), and Parvaspina steinstansana
(Bibb et al., 2009). One species is petitioned for federal listing: Pleurobema oviforme (Jackson et
al., 2021). One species is federally threatened: Elliptio lanceolata (McRae, 2018). One species is
proposed to be federally threatened: Fusconaia masoni (Stagliano et al., 2021). Lastly, one
species is listed as state endangered in North Carolina: Alasmidonta varicosa (Cordeiro, Master,
& Alderman, 2021; Doran et al., 2018; NCWRC, 2020). All of these species occur in the
southeastern U.S. (some occur outside of the southeast as well) and thus experience similar
climates and types of threats, but they span various river basins and ecoregions. These species
also fall into different functional groups based on life history traits (Table 1.1, Figure 1.2). These
interspecific similarities allow me to make comparisons and inferences among related species
and attribute genetic responses to the traits that are similar across species.
Conservation Genomics
Conservation genomics is a new field of science that applies novel whole-genome
sequencing technology to problems in conservation biology (Oyler-McCance et al., 2021). With
modern genomic and computational methods, I can conduct genomic analyses on species de
novo and at unprecedented levels of resolution (J. M. Catchen et al., 2011; Mastretta-Yanes et
al., 2014; Peterson et al., 2012). Being able to conduct genomic analyses without a reference
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genome or the trial and error associated with identifying microsatellites saves significant time
and costs that were associated with genetic studies, allowing for these techniques to be used on a
broad variety of taxa (Peterson et al., 2012).
In order to understand conservation genomics, it is necessary to understand a few key
principles of population genetics. The first is that the genetic diversity of an individual or a
population are strongly linked to the size of the population and the amount of gene flow that
occurs between the populations (Cushman et al., 2006; Philip W. Hedrick, 2005). Second is that
the genetic similarity between populations has a strong positive correlation with the migration
rate of individuals between populations (Fusco et al., 2020). These principles are the backbone of
important downstream results that are critical to conservation efforts such as, genetic population
delineations, effective population size estimates, and characterization of genetic diversity.
For the conservation genomics section of this study, I focused on delineating the
populations for each species, identifying the genetic diversity within those populations, and
attempted to assess the effective population size of each population. Delineating the population
genetic structure of a species is an integral first step to conservation because inaccurately
combining or splitting populations can lead to the over- or underestimation of a species genetic
diversity and effective population size (Waples, 2015). I assigned individuals to populations by
assessing their genetic similarities, using methods such as assessing similarities in allele
frequencies, and used that information to delineate population boundaries (Pritchard et al., 2000).
I also assessed the genetic diversity of each population by calculating the proportion of
heterozygous alleles they contain, also known as observed heterozygosity (Ho). The effective
population size (Ne) is an estimate of the size of a population that would exhibit the same rate of
loss of genetic diversity as the population under investigation given that all individuals were able
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to successfully reproduce in the population and follow assumptions of Hardy-Weinberg
equilibrium (Husemann et al., 2016; Waples & Do, 2008). Implementing these analyses over
time, managers can assess population trends and identify if genetic diversity is increasing in
response to conservation efforts (Garza & Williamson, 2001). Being able to identify a
population’s rate of increase or decline can allow managers to adjust plans and work
preemptively. It is simpler and more cost effective to act on a population in decline than to try
and rebuild a collapsed population.
Integrating population genetic diversity and genetic structure can help to ensure a
management plan is effective and uses any available resources efficiently. With genetic
population boundaries drawn, and population size and diversity assessed, managers can prioritize
populations based on their genetic status and immediate needs. For instance, managers can
prioritize low-genetic-diversity populations for receiving translocated individuals. Several of the
species in this study have undergone translocations of wild individuals from one population into
another and augmenting natural populations with hatchery reared individuals. For species that
are being considered for such management activities, quantifying the effective population sizes
and genetic diversity of populations can help to assess their status. This information can also be
used to build an argument for placing a species under protection through the Endangered Species
Act, which will help to facilitate conservation actions through legal requirements (D. R. Smith et
al., 2018).
To implement conservation actions like a translocation project, it is important to know
each focal population’s viability and their genetic compatibility. Populations with the highest
genetic diversity would be chosen as donors in translocation projects, and low genetic diversity
populations would be identified as recipients. In doing translocations, it is also important to
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account for the genetic similarity between populations. There will arguably be no genetic gain in
diversity if translocated individuals are too genetically similar with the recipient population and
there could even be a risk of causing inbreeding depression by adding genetically related
individuals (Keller, 2002; Yang et al., 2012). On the other hand, if the individuals are too
genetically different, important local adaptations can be lost in a population and outbreeding
depression can occur (Frankham et al., 2011; Tave & Hutson, 2019). Managers have to balance
these potential downsides with the resources available when making their translocation plans
(Edmands, 2006).
Augmenting natural populations with hatchery raised individuals can offer several
benefits, but without the proper precautions, can be ineffective or even harmful to natural
populations. Captive propagation programs are an important tool in the management of unionids
that is widely used throughout the United States (McMurray & Roe, 2017). Augmentation of
natural populations with captively reared individuals is the main source of new individuals for
some of the species in this study. For example, all individuals of P. steinstansana that were
found in the wild were collected and relocated to the hatchery for propagation. This means that
any new population growth in the species are likely the product of captive propagation.
Generally, for unionids, hatcheries collect adults from the wild, propagate them, raise their
offspring to a certain maturity, and release the matured progeny into the wild. An important risk
to take note for this approach is the potential increase of inbreeding from the propagated
individuals unknowingly being closely related (Lew et al., 2015). Using genomic techniques, the
genetic similarity of individuals to be used as brood stock can be identified and their potential for
inbreeding can be estimated, allowing managers to identify and prevent the issue (Taris et al.,
2007). There is also the risk of eliminating local adaptation from a population because the
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genotypes of the individuals being introduced will not be natural to that population, but rather a
product of local adaptation to different conditions in the source location, or perhaps worse,
artificial selection for hatchery conditions (Kostow, 2004; Schenekar & Weiss, 2017). In
summary, there are several potential genetic issues that hatchery-based management plans can
introduce to a species but most, if not all, can be monitored using conservation genomics which
allows managers to incorporate plans to mitigate those effects (Araki & Schmid, 2010; Waples,
1991). Specifically, by collecting individuals from the most genetically diverse populations for
propagation, managers can minimize the chances of collapsing the source population and
maximize the chances of creating genetically diverse propagules that will be genetically
compatible with recipient populations. Then, by comparing the genetic similarities of the
recipient populations and the propagated individuals, issues with inbreeding and outbreeding
depression can be prevented.
Comparative Landscape Genomics
Evolution of wild populations is influenced by genetic diversity and connectedness that is
driven by a variety of landscape and environmental factors. This is because landscapes and
environmental factors are major components that dictate habitat suitability. A species requires
suitable habitat in order to establish a population. Over time this population will continue to
evolve and become adapted to the unique local habitat conditions. Local adaptation can generate
population structure within a species and is mediated by gene flow between populations. The
degree to which gene flow can occur between populations is dictated by connectedness, which is
promoted by suitable habitat between populations (Murphy et al., 2018). Some examples of
landscape and environmental factors that promote suitable habitat for mussel populations are
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temperature, percent of upstream drainage area that is forested, and elevation (Drew et al., 2018;
Haag, 2012; Michaelson & Neves, 1995).
Many landscape and environmental factors are heavily influenced by anthropogenic
activities such as pollution, deforestation, and climate change. These activities may currently be
changing local environments at a faster rate than the evolutionary rate of the species that occur
within them. I expect species experiencing environmental changes that outpace their
contemporary evolution to exhibit reduced genetic diversity within populations and increased
genetic differentiation between populations. Reduced genetic diversity can increase the
prevalence of inbreeding depression in a population, which can decrease a species resilience to
environmental changes and reduce fitness (Dudgeon et al., 2006; Keller, 2002). Some of the
main mechanisms that decrease genetic diversity within local populations are isolation and
population bottlenecks, or decreases in population size (Epps et al., 2005). There are multiple
genetic characteristics attributed to isolated populations such as reduced genetic diversity and
inbreeding depression due to the reduced diversity of genetic input (Ward, 1998). Small
populations exhibit reduced genetic diversity because individuals experience inbreeding
depression more frequently because the chances of related individuals mating increases as
population size decreases (Keller, 2002). Gene flow can be especially important for small
populations to maintain genetic diversity (Hedrick et al., 2019). This study uses population
genomics to discern variation in genetic diversity between populations. Characterizing these
patterns in genetic diversity can help to discern individual population viability and different
population’s connectivity.
Unionids are an ideal system in which to study demographics and evolution due to
interspecific variation of traits, along with species occurrence across a gradient of landscape
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factors (McGoldrick et al., 2009; Mock et al., 2013). This allows for the results to be generalized
across the wide array of habitats they occur in and can potentially be generalized to other similar
aquatic taxa. Due to the sedentary nature of unionids and the fact that they are filter feeders, their
fate is strongly connected to the surrounding environment. This allows me to directly attribute
local factors to local population structure without other external compounding factors such as
complex migratory behavior.
Isolation of mussel populations can be driven by extrinsic and intrinsic factors to the
organisms. Extrinsic factors can include contemporary factors, such as urbanization, as well as
historical factors that developed over a geologic timescale, such as watershed size. Intrinsic
factors consist of historical factors that developed over evolutionary time like species’ traits. Due
to the relatively recent anthropogenic development of the eastern United States around riverine
ecosystems that contain unionids it is of great interest to understand the impacts of these
activities (Biello, 2010). It is well documented that unionid populations have been declining and
have become one of the most imperiled taxa in the world (Graf & Cummings, 2021, 2021; Haag
& Williams, 2014; Richard J. Neves et al., 1997). Specifically, anthropogenic activity such as
urban development and agriculture cause pollution, stream impoundment, and sedimentation
which leads to decreased habitat quality and quantity for the unionid species that occur in them
(Anthony & Downing, 2001). Decreasing habitat quality and quantity leads to reduced number
of populations, patch sizes, gene flow between populations, and genetic diversity within
populations (Camak & Piller, 2018). One anthropogenic activity I expect to have a large impact
on mussel populations is the construction of dams. In this study I define dams as structures that
completely impede flow of the channel, thus excluding low head dams. This distinction is
important because the different types of dams can have the opposite effect on the local
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ecosystems. For mussels specifically low head dams can potentially improve ecosystem
conditions (Singer & Gangloff, 2011). I hypothesize that dams will cause decreases in population
size, gene flow, and genetic diversity (Figure 1.3). Dams are prolific throughout eastern streams
where they impound lotic habitats and are a strong barrier to migration (Abernethy et al., 2013).
Changing habitats from lotic to lentic will decrease access to available habitat for mussels
causing reductions in population size and in response a decrease in genetic diversity. Because
dams are a large, essentially impermeable, structure surrounded by unsuitable habitat for
mussels, and many of their fish hosts, dams present a large obstacle to migration which will lead
to the separation of populations and an eventual increase in genetic differentiation (Roberts et al.,
2013). I also expect watershed land use to significantly impact the genetic structure of freshwater
mussel populations. Conversion of land from forest to urban or agriculture is often accompanied
by increases in sedimentation and pollution in streams (Figure 1.3). This is detrimental to
unionids because sedimentation can suffocate mussels, and mussels are sensitive to pollution
because they are filter feeders (James, 2019). I hypothesize that reduction in suitable habitat and
patch size will lead to a decrease in the pool of genetic diversity available to the species because
smaller populations are less able to maintain high genetic diversity. This decrease in population
size will also lead to increased genetic differentiation due to fixation in smaller populations and
increased effects of isolation by distance between smaller populations (Fang et al., 2015;
Tamutis & Skłodowski, 2016).
To assess how species’ traits affect their genetic response to landscape factors, I used a
comparative landscape genomic framework on all of the focal species. By grouping species that
exhibit similar traits together, I can investigate the importance of species’ traits to shaping
species’ genetic diversity and gene flow. I attempted to put the species into three separate groups
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based on their similarities across several traits that are important to unionid dispersal, which
largely effects gene flow, and their ability to maintain local genetic diversity. I found that
longevity and fecundity were diverse enough across the focal species and well enough
understood for each species to delineate them into three separate groups. Longevity and
fecundity are two important traits in maintaining local genetic diversity. I also tried to
characterize fish host species for each unionid and their fish host species dispersal potential, as
well as mussel brooding period, mussel size and mussel larval release strategy (Table 1.1). It
should be noted that after analysis I found that the latter traits were either not well enough
defined or did not exhibit enough differentiation between groupings to exhibit any significant
relationships with unionid population genetics. However, with further study and future
collaboration better understanding of these traits can assessed for each species and this analysis
can be revisited. I investigated all of the traits discussed previously because they have been
shown to significantly affect the evolutionary ecology of other taxa, which highlights the need
for this kind of research and characterizing these traits in unionids (Miller et al., 2002; Mims et
al., 2010; Mims et al., 2018). For all of the traits I investigated I would predict that they will have
significant effects on the genetic structure of unionid populations and will interact with the
environmental factors listed previously. For example, species that have high fecundity have been
shown to be successful in temporally heterogeneous habitats, due to high reproductive output and
ability to recolonize (Winemiller, 2005). I predict that mussel species with higher fecundity will
exhibit higher genetic diversity in areas near human development than their low fecundity
counterparts. This is because I expect more fecund species to be able to recolonize after
detrimental impacts successfully and rapidly in their environment, such as large fluxes of
pollutants, which are likely to occur more frequently near developed areas.
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The unionids in this study exhibit brooding periods that can be categorized into long-term
(brachytictic) brooders and short-term (tachytictic) brooders. Long-term brooders fertilize eggs
in the fall and release glochidia in the spring or summer. Short-term brooders fertilize eggs in
early spring and either release glochidia, often in several clutches, in late spring or summer.
Long-term brooders are typically associated with higher fecundity than their short-term brooding
counterparts, but short-term brooding species often release multiple clutches of glochidia, and
long-term brooding species typically do not. It has been shown that long-term brooding unionids
are more likely to experience local extinction (Vaughn, 2012). Potentially, this is because
individuals that are brooding contain a significant amount of potential progeny and if over this
extended period a change occurs in the environment that is lethal to the parent or forces the
abortion of developing larvae, all of the reproductive potential from that individual is lost. In the
reverse, every successful reproduction event for a long-term brooding individual results in a
large influx of new progeny and with it new genetic diversity. Long-term brooders are similar to
periodic strategists (Winemiller, 2005), where species that fall into this category are long lived
and rely on being able to persist until the relatively rare times that support successful
recruitment.
I predict that unionids that utilize more-mobile fish hosts will exhibit higher average
genetic diversity and lower average genetic differentiation than species who specialize on lessmobile fish hosts, because their potential for dispersal and gene flow among populations is more
geographically extensive (McLain & Ross, 2005). For this study, fish hosts were classified into
low mobility and high mobility groups. Because the dispersal range is not empirically known for
every fish host species in this study, I will use body length and habitat placement as a proxy. Fish
body length is positively correlated with home range size (Radinger & Wolter, 2014). This
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indicates that fish species with longer body lengths, relative to each other, are more likely to
carry mussel glochidia farther distances due to their larger home range. Fish dispersal is also
associated with their habitat placement (i.e. benthic or pelagic). Pelagic fishes are associated with
greater dispersal than benthic fishes (Burridge et al., 2008). Thus, large pelagic fish will be
associated with the greatest dispersal potential and small benthic fish will be associated with the
lowest dispersal potential, with the rest falling somewhere in between. It is important to note that
the different fish species will respond differently to the environmental factors listed previously in
this study. It is outside the scope of this study to characterize the traits of fish hosts and how they
will interact with the landscape factors being investigated here. But based on the dispersal
potential for each species and their placement in the ecosystem some basic assumptions of how
the species will respond to different environmental factors can be made. Adding basic fish host
characteristics to the dispersal of mussel species will allow for the accounting of environmental
impacts in the dispersal activity and availability of fish hosts rather than treating all species
equally across all environments. I was not able to find enough diversity or clear differentiation in
the dispersal potential of the fish hosts of the focal unionid species. I believe this to be due to a
lack of understanding which fish hosts are most common for each species. Further collaboration
and study may allow future research to narrow down the species host lists to the most important
and allow for a clearer differentiation of dispersal potential between the focal unionid species of
this study.
Conclusion
The overall goal of this study is to use genomic techniques to describe the population
genetic structure of eight imperiled freshwater mussel species in North Carolina. In pursuit of
this goal, I was also able to investigate many other questions of the species demography and

23
evolution. This study delineates the population genetic structure of the focal species and
identifies landscape factors that are significant in shaping the patterns of genetic diversity seen
across the landscape. This study also uses a novel framework to investigate how species’ traits
influence a species genetic response to landscape factors. The results of the components of this
study answer evolutionary and demographic questions that will be useful in the effective
management of these imperiled species.
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Figure 1.1: Basic overview of unionid life history.

The unionid life cycle starts when males release sperm into the water column. Females
will then syphon the sperm out of the water. Then the eggs are be moved to special brooding
gills called marsupia where the eggs are fertilized and brooded for various periods. During this
time, the offspring grow from eggs into the larval stage. Larval unionids are called glochidia and
are typically obligate fish parasites. To attract fish hosts for the glochidia to attach to, female
unionids have developed a variety of techniques. The fish attraction techniques unionids employ
can be broken down into three categories: broadcasting, lure and conglutinate.
Broadcasting can be as simple as females releasing glochidia freely into the water column
creating webs and strings of glochidia that are anchored to the female. Most glochidia that are
released in this manner have hooks that allow them to attach to external appendages such as fins
and gills. Lures are made of modified mantle tissue to appear as prey items, such as crayfish or
small fish, for the specific fish host the mussel is trying to attract. When the fish attacks the lure
the mussel releases glochidia that attaches to the gills of the fish where they will attach.
Conglutinates are packets made of tissue and filled with glochidia. Conglutinate packets can be
very simple with no features or look like larval fish or various macroinvertebrates, images above
(A-D). When a fish attacks these conglutinate packets it will burst, releasing the glochidia inside
and they will attach to the gills of the fish.
Once attached, the glochidia extract nutrients from the blood and intercellular fluids of
the fish for a variable amount of time. After this period, the glochidia will release from the fish
and settle in the benthos of the stream. The juvenile mussels can move small distances to find
ideal microhabitat. Once settled the juveniles will grow to adults, conditions permitting, and will
remain fairly sedentary.. Unionids are not able to respond quickly to changing habitats as adults.
Essentially all migration occurs during the parasitic life stage, due to the movements of their fish
hosts (Haag, 2012).
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Figure 1.2: Basic phylogenetic relationship and traits of the focal species (Haag 2012; Perkins, Johnson, and Gangloff 2017). The
species delineated by the green color in the phylogenetic tree are placed into the intermediate category due to their longevity and
fecundity falling in between the other groups in this study. The species delineated by the red color in the phylogenetic tree fall into the
fast category and have the highest fecundity and shortest lifespans from the rest of the species in this study. The species delineated by
the blue color in the phylogenetic tree exhibit low fecundity and are long lived, relative to the other species in this study, so I placed
them into the slow category.
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Figure 1.3: Conceptual model of the interactions between landscape factors and trait characteristics that contribute to the genetic
diversity and geneflow of the species in this study. Blue arrows indicate a positive relationship and orange arrows indicate a negative
relationship. The boldness of the lines connecting the parameters also indicates the strength of the relationship between the
parameters, bolder lines have a stronger relationship and thinner lines have a weaker relationship. The box color corresponds to the
type of variable the observation is. Yellow boxes are landscape variables, blue boxes are trait associated variables, white boxes are
population characteristics and orange boxes are genetic responses.
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Table 1.1: Key biological traits of focal unionid species. Traits selected based on information available and presumed importance to mussel
population dynamics. Host mobility was based on the relative size of the fish host and their ecological placement (benthic or pelagic). Fish with
larger body sizes are associated with larger home ranges, meaning larger dispersal potential and pelagic fishes are associated with greater dispersal
distances than benthic fishes (Radinger and Wolter 2014). The life histories are pooled phylogenetically into three unionid groups defined by their
genera and correlations among traits.
Life History
Category

Fast

Length
(mm)

Brooding

381,2

Bt1,2

A. raveneliana

812,3

Bt2,3

A. varicosa

702,4

Bt2,4

Pleurobema
oviforme

762,10

Tt2,10

Fusconaia
masoni

642,6

Tt2,6

Parvaspina
collina

>402,7

Tt2,8

<552,9
862,5

Species
Alasmidonta
heterodon

Host
Mobility

Larval Release

Fecundity

Longevity

Low17

Lure20,2

Low20

Low2

Low17

Broadcast11

High2

Low2

High17

Broadcast11

High2

Low2

High17

Conglutinate11

Low2

High2

High17

Conglutinate11

Low2

High2

High17

Conglutinate11

Medium2

Medium2

Tt2,9

Cottus carolinae12, Cottus bairdii20
Cottus cognatus, Lepomis gibbosus,
Notemigonus crysoleucas, Noturus insignis,
Perca flavascens, Rhinichthys atratulus, and
Rhinichthys cataractae13,14
Campostoma anomalum, Cyprinella
galactura, Etheostoma flabellare, Luxilus
cornutus, and Nocomis micropogon10,16
Lepomis macrochirus, Moxostoma sp.,
Notropis procne, Etheostoma nigrum,
Etheostoma vitreum, Percina peltata, and
Semotilus atromaculatus15
Campostoma anomalum, Chrosomus oreas,
Clinostomus funduloides, Cyprinella
analostana, Luxilus albeolus, Luxilus
cerasinus, Lythurus ardens, Nocomis
leptocephalus, and Rhinichthys atratulus7,8
Cyprinella analostana, Luxilus albeolus,
Lythrurus matutinus, Nocomis leptocephalus,
Notropis procne, Phoxinus oreas and
Semotilus atromaculatus9, 19

High17

Conglutinate11

Medium2

Medium2

Tt2,5

Luxilus albeolus, and Lythrurus matuntinus19

Intermediate

Conglutinate11

Medium2

Medium2

Slow

Intermediate
Parvaspina
steinstansana
Elliptio
lanceolata

Fish Hosts
Cottus bairdii, Etheostoma nigrum, and
Etheostama olmstedi1, E. flabellare20

Mobility – The potential for the fish host species listed to disperse large distances relative to the other species being considered.
Larval Release Strategy– Refers to the strategy the mussel uses to attract a fish host to infest with glochidia: broadcast, conglutinate, or lure.
Fecundity – Relative number of glochidia released annually to the other species in this study fecundity were grouped into high, medium and low categories
Tachytictic (Tt) – Short-term brooders. Eggs are fertilized in early spring and glochidia are released in late spring or early summer.
Bradytictic (Bt) – Long term brooders. Females become gravid in the fall and glochidia are released in spring.

References: (1) Michaelson and Neves 1995 (2) Jones 2019 (3) Fridell 1996 (4) Clarke 1981 (5) (McRae, 2018) (6) Fuller 2017 (7) Hove and Neves 1994 (8) Hove and Neves 1991 (9) Bibb, Fridell,
and Widlak 2005 (10) Weaver, Pardue, and Neves 1991 (11) Barnhart, Haag, and Roston 2008 (12) Moorman and Gordan 1993 (13) Fichtel and Smith 1995 (14) Schulz and Marbain 1998 (15) Watters
and O’Dee 1997 (16) Neves 1982 (17) Radinger and Wolter 2014 (18) Rohde et al. 2009 (19) Levine, 2009 (20) Hoch, R.A. personal communication. (21) St. John White et al., 2017
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CHAPTER TWO: CONSERVATION GENOMICS OF EIGHT IMPERILED FRESHWATER
MUSSEL SPECIES IN NORTH CAROLINA
Introduction
Freshwater mussels are valuable components of the ecosystems in which they occur
because they provide important ecosystem services like sediment stabilization and water
filtration (Rife, 2018; Vaughn, 2018). By restoring mussel populations, we can improve
populations to a level where they can sustain themselves. These self-sustaining populations will
also be better able to provide valuable ecosystem services. In managing populations, it is
important to manage the genetic diversity within the population and throughout the entire
species. The genetic diversity of a species is the product of millions of years of evolution, and
the genetic diversity within a population is the result of contemporary local adaptation (Grummer
et al., 2019; Kalinowski, 2009). Without careful consideration, management activities can reduce
these levels of genetic diversity, through inbreeding or outbreeding depression, leading to a
decrease in individual fitness which can lead to declines in populations (Edmands, 2006;
Schwartz et al., 2007; Taris et al., 2007; Weeks et al., 2011). While it is possible that
translocations can lead to detrimental issues in a population if not done correctly, a small,
isolated population that is in decline will certainly deteriorate. Therefore, it is important for
managers to balance the resources and information that is available with the immediate
conservation needs of the populations at hand.
In this study I investigated the population structure and genomic diversity of eight
imperiled freshwater mussel species. This study focuses on the species’ range in North Carolina
and surrounding states. Four of the focal species are federally endangered, three are state
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endangered, and one species has been petitioned for federal listing. The species in this study
occur in various habitats with a majority occupying upland environments like creeks and small
rivers but some species can be found in the main channel of large rivers. Generally, all of the
species in this study prefer undisturbed habitat with gravel substrate (Bibb et al., 2005, 2009;
Hove & Neves, 1994; Michaelson & Neves, 1995; Wicklow & McRae, 2013). As is common to
many other imperiled fauna, these species are experiencing severe population declines caused by
habitat degradation and fragmentation (Dudgeon et al., 2006; Fuller, 2017).
I focused my research on eight unionid species that are experiencing substantial
population declines, with one species (P. steinstansana) apparently having any no remaining
wild self-sustaining populations. Alasmidonta heterodon (Dwarf Wedgemussel) is a federally
endangered Atlantic slope species that historically occurred from North Carolina to New
Brunswick Canada, but now the species is found scattered across the range with the strongest
populations occurring towards the northern portions of its historical range. Alasmidonta
raveneliana (Appalachian Elktoe) is a federally endangered Gulf slope species that is endemic to
the Tennessee River system. Alasmidonta varicosa (Brook Floater) is a NC state endangered,
Atlantic slope species that occurs from Georgia to Canada. Elliptio lanceolata (Yellow Lance) is
a federally threatened Atlantic slope species that occurs from Virginia to South Carolina.
Fusconaia masoni (Atlantic Pigtoe) is a NC state endangered Atlantic slope species that can be
found from Virginia to Georgia that is currently proposed as federally threatened. Parvaspina
collina (James Spinymussel) is a federally endangered Atlantic Slope species that is found in the
James and Dan River basins. Parvaspina steinstansana (Tar River Spinymussel) is a federally
endangered Atlantic slope species that is endemic to the Tar and Neuse basins of North Carolina.
All known surviving wild individuals of P. steinstansana are currently held in a hatchery where
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they will be propagated for use in reestablishment projects. Pleurobema oviforme (Tennessee
Clubshell) is a Gulf slope species, currently under review for federal listing, and occurs in
headwater streams in the Tennessee and Cumberland river systems in the Ohio-Mississippi
basin. All of these species are being actively managed by various state and federal agencies due
to their imperiled status.
Managers can use translocations among wild populations and/or augmentation of wild
populations with hatchery reared individuals to recover imperiled populations (McMurray &
Roe, 2017; Tsakiris et al., 2017). However, without appropriate prior knowledge of the species
biology and demographics, these activities can be ineffective or even harmful to natural
populations. For instance, if individuals included in translocations are too genetically dissimilar
from the target population, issues with outbreeding depression can arise (Edmands, 2006). By
measuring genetic differentiation, with measures such as Fst, Dps, Rousset’s a, etc., populations
that are most likely to cause inbreeding or outbreeding depression can be identified and
prioritized for further analysis if needed (Keller, 2002). As well as using genetic differentiation
to assess the suitability of two populations for translocations, genetic diversity can be used to
prioritize populations for use in translocation activities. Population genetic diversity can be
measured by various indices, such as allelic richness, heterozygosity, π, etc. Using genetic
diversity indices, populations can be prioritized for use in translocations (Seaborn & Goldberg,
2020). Populations with relatively high genetic diversity would be considered the best option for
use in translocations, because they harbor the largest genetic diversity and would be the least
likely to be so similar to other individuals to cause inbreeding depression. Populations with high
genetic diversity would be identified as donor populations in translocations and populations with
low genetic diversity would be identified as recipient populations in translocations. I chose to
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utilize π, a measure of nucleotide diversity (Hohenlohe et al., 2010), for this study to index
genetic diversity. Also, π is equivalent to other traditional parameters like expected
heterozygosity (He) but is more precise for small sample sizes. The previously mentioned
parameters contain powerful information for use in translocation projects but are currently not
well described for the focal species’ ranges in North Carolina..
To help fill the gaps in knowledge for the focal species of this study, I used highthroughput sequencing techniques to delineate population structure and describe the standing
genetic diversity in those populations. This is a novel approach for these species that allows me
to obtain large amounts of genomic data with no prior knowledge of the species’ genome.
Specifically I used the 3RAD technique, a type of double-digest-restriction-site-associated-DNAsequencing (RADseq) (Hoffberg et al., 2016). Using 3RAD allows me to sample a much larger
portion of the genome than traditional methods like microsatellites (D’Aloia et al., 2020). This
thorough coverage along with large datasets of thousands of SNPs allows me to analyze fine
scale effects that were previously impossible with microsatellite loci (Larson et al., 2014). Using
the genetic tools available today along with continued monitoring it is possible to measure
changes in effective population size over time and monitor hatchery contributions to wild
populations (Luikart et al., 2010; Schwartz et al., 2007). These are crucial management tools that
can inform managers of population trends and the efficacy of their management efforts.
The aim of this study is to use novel genomic techniques to produce informative data in
the management of imperiled unionid species. First, I studied the spatial scale that is most
appropriate to manage unionid populations. I hypothesized that the scale at which population
structure would be observed in unionids is driven by population connectivity. I predicted this
would be driven in large part by the spatial distance between populations and barriers to
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migration. Then, I assessed which populations harbor the greatest or least genetic diversity. I
hypothesized that isolated, small populations will exhibit the lowest genetic diversity. Lastly, I
ascertained the efficacy of novel, high-throughput sequencing methods for unionids. The
genomic methods in this study have never been used on unionids. I predict the large amounts of
data that can be obtained using genomics will prove to be an efficient and powerful method for
use in the conservation genomics of unionids and other freshwater mussels like Margaritiferidae,
the only other extant family of freshwater mussels in the U.S.
Methods
Sample collection
Sampling locations were selected to represent the current species’ ranges throughout
North Carolina (USFWS, 2019)(Figure 2.1). Sample collection of mussels in North Carolina was
conducted almost completely by the North Carolina Wildlife Resources Commission (NCWRC).
Samples that were received from within North Carolina that were not collected by NCWRC were
obtained through collaboration with several US Fish and Wildlife Service biologists. We were
able to obtain samples outside of North Carolina for four species. Jess Jones from the U.S. Fish
and Wildlife Service Virginia Field Office provided me with samples of P. collina from the
James basin in Virginia. Cheryl Morrison from the U.S. Geological Survey Leetown Science
Center provided me with samples of P. oviforme from the North Fork Holston. Nathan Whelan
from the U.S. Fish and Wildlife Service Southeast Conservation Genetics Lab provided me with
several samples of A. varicosa that were from the Savannah basin, Uwharrie River system,
Yadkin Pee-Dee basin, Cape Fear basin and Potomac basin. Expanding the sampling range for
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these species allows me to represent a larger portion of their entire range, compare more
disparate populations and capture more genetic variation within the species.
The sampling protocol called for genetic material (buccal swab or tissue clip) from at
least five individuals from each site, whenever possible. This sample size allows for the
assessment of genetic diversity within populations and, given the large number of SNPs retrieved
using NGS methods, can quantify the genetic differentiation between populations (Flesch et al.,
2018; Fumagalli, 2013; Willing et al., 2012). All individuals collected from the wild in North
Carolina were sampled in 2018 and 2019 by biologists with the North Carolina Wildlife
Resources Commission. Almost all samples collected from the wild were from buccal swabs, in
order to minimize harmful effects of invasive sampling. Nearly all tissue samples were collected
from individuals found dead in the wild, preserved specimens, or live hatchery individuals.
Collection sites were defined as the unique latitude and longitude coordinates for each sampled
location.
DNA Extraction
Buccal swab samples were extracted using the Xtreme DNA Isolation Kit from Isohelix
with an additional RNA digestion step (Isohelix, Kent UK). Tissue samples were extracted using
the E.Z.N.A. Mollusc DNA Kit from Omega Bio-Tek, which includes an RNA digestion step
(Omega Bio-Tek, Norcross GA). Tissue samples typically were small and contained low
quantities of DNA. Thus, I eluted tissue samples into water, allowing for concentration through
evaporation in a Savant SpeedVac SC110. Concentrating through evaporation circumvents DNA
precipitation which can lose significant quantities of DNA and introduce salts into the final
elution that can interfere with library preparation (Arseneau et al., 2017; Schrader et al., 2012). I
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was often able to double the concentration of DNA by reducing the final volume from 100 µl to
~30 µl.
Library Preparation
Genomic libraries were prepared in-house using the 3RAD protocol (Hoffberg et al.,
2016). Similar to ddRADseq, this method uses two enzymes to digest the DNA, but also
incorporates a third enzyme that cuts primer-dimers to increase efficiency (Bayona-Vásquez et
al., 2019). I chose this method because it works well with a relatively small quantity of template
DNA, can multiplex a large number of samples, allows for removal of PCR duplicates, and is
cost-effective (Glenn, Nilsen, et al., 2019; Glenn, Pierson, et al., 2019). It also facilitates
development of RADcap targeted locus panels, which was a projected future extension of my
study. In total, five 3RAD libraries were created for this project, each containing anywhere from
48 to 119 individuals. The standard protocol was followed in the development of each library,
with an additional two PCR cycles in the amplification step to ensure sufficient final DNA
concentration (Bayona-Vásquez et al., 2019). Each library contained unique barcodes for each
individual that are dual indexed, utilized standard Illumina adapters, and were size selected for
525 base-pairs using a Pippin Prep (Sage Science, Beverly MA). All libraries were sequenced at
the University of Oregon on an Illumina HiSeq 4000, producing 150-bp paired-end reads. For the
five species that spanned multiple libraries and sequencing lanes, I duplicated ten individuals
across each library. Examination of redundant genotypes allowed me to account for potential
variation between libraries and sequencing runs by utilizing bioinformatic tools to remove
erroneous genetic structure caused by the stochastic errors inherent to different sequencing runs
and library preparations (O’Leary et al., 2018; Pfeiffer et al., 2018; Puritz et al., 2015)
Bioinformatics: De novo assembly and SNP calling
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Raw genomic data were processed using the Stacks pipeline (J. Catchen et al., 2013).
Because there is no reference genome for any unionid species, a de novo approach was used.
This means that similar sequencing reads were matched together to make putative alleles instead
of matching reads to a previously described genome. The entire bioinformatic and genetic
analysis can be broken down into seven stages; 1) demultiplexing, quality review, and removal
of PCR duplicates 2) de novo RAD allele and locus assembly, 3) identification and removal of
errors associated with between-library variability, 4) removal of outlier and adaptive loci, 5)
delineation of population structure, 6) assessment of isolation-by-distance and genetic
differentiation, and 7) calculation of genetic diversity (Figure 2.2). Given that I found relatively
low overlap of orthologous loci among species in the same clade, and almost no overlap across
the entire suite of eight species (Appendix 1), the pipeline was conducted and SNP-selection was
optimized separately for each species, resulting in interspecific variation in the final numbers of
SNPs I obtained, but greater numbers of SNPs for each species.
Demultiplexing and quality review
The raw sequencing data were reviewed using FastQC (Andrews, 2019) to check for
issues such as adapter contamination or low-quality sequences. Using process-radtags in Stacks
the data were demultiplexed, filtered for quality, and trimmed to 130-basepairs. Trimming the
data ensures all reads are the same length and removes the last several base pairs, which are
typically the most error prone in Illumina datasets. Then PCR duplicates were removed per
individual using the clone filter program in Stacks. Removing PCR duplicates prevents the
miscalculation of allele frequencies due to differential amplification of fragments in PCR steps.
These steps yield high quality reads organized by individual.
Locus assembly
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Locus assembly was completed using the modules available in the Stacks pipeline (J.
Catchen et al., 2013). First, the ustacks module identifies exactly matching reads and identifies
them as a putative allele if the number of matches is higher than the threshold set by m. This
parameter can directly influence depth of coverage and heterozygosity (Paris et al., 2017). Then,
using a threshold set by M, ustacks merges these unique stacks if the distance between them is
below the threshold, creating putative loci. If set too high, paralogous loci will be merged and if
set too low, true loci will be split resulting a loss of heterozygosity (Paris et al., 2017). Then,
using a threshold set by N, ustacks matches secondary reads to the putative loci if the number of
nucleotide mismatches between the two is below N. Utilizing secondary reads increases depth of
coverage, but can falsely increase heterozygosity if too permissive. Lastly, the cstacks module
creates a catalogue of all of the loci identified by the previous steps. When creating this catalog,
cstacks compares the loci and if the distance between any loci are below the threshold set by n
they are merged. This step is what accommodates for fixed allele differences across populations
(Paris et al., 2017).
Using the protocol laid out in the Rochette and Catchen (2017) paper, among others, I
optimized the parameters described previously within the Stacks pipeline (m, M, N and n) to
obtain the highest depth of coverage and largest number of SNPs without artificially inflating the
results by using unrealistic parameter combinations (Larson et al., 2020; O’Leary et al., 2018;
Paris et al., 2017; Puritz et al., 2015). I tested m=1-6, M=1-6, N=2-8 and n=1-6. Once the
optimal combination of parameter values was found, these values (m=3, M=2, N=4, n=3) were
used for all species in this study.
Once the loci are assembled, Stacks identifies polymorphic positions (i.e., SNPs) within
each locus and will apply various filters to the dataset. I filtered out SNPs with a minor allele
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frequency < 0.05 and only kept one SNP, chosen at random, in each locus to reduce linkage
disequilibrium (Bhatia et al., 2013). I also filtered out SNPs that occurred in less than 80% of
individuals within a species (R=0.8). Within Stacks there are options to filter SNPs by a priori
populations, but due to low and variable sample sizes this approach was not feasible for this
study. The results using overall SNP filtering fit our prior understanding of the species
population structure, showing the overall filter removed noise from the dataset while keeping
informative loci.
Identification and removal of library effects
Due to stochastic differences in library preparation and sequencing errors, there are
inherent differences between libraries that can lead to erroneous genetic structure if left
unaccounted (Pfeiffer et al., 2018). To identify loci that were affected, I compared genotypes for
individuals that were replicated across two libraries. Up to ten individuals were replicated across
libraries. Any locus exhibiting a mismatched genotype in more than 20% of the replicated
individuals was removed. I then randomly selected one of the two replicated individuals to be
used in downstream analyses.
Outlier loci detection and removal
I removed outlier loci in order to create a putatively neutral dataset. This is important
because all of the downstream analyses (population delineation, genetic diversity, and genetic
differentiation) in this study are based on an assumption of neutrality. If outlier loci are included
in those analyses it can lead to erroneous and misleading results (Kirk & Freeland, 2011;
Schenekar & Weiss, 2017). I used Bayescan, pcadapt, and Hardy-Weinberg equilibrium testing
to identify outlier/adaptive loci. Bayescan (Faubet & Gaggiotti, 2008) uses a Bayesian adjusted

38
Fst outlier test to identify outlier loci whose pattern of allele frequency variation between
populations does not match that of the majority of other loci. I set the prior odds to 10 (default)
and the false discover rate (FDR) threshold to 0.1. Pcadapt (Luu et al., 2017) defines population
structure using a principal component analysis (PCA) and then identifies outliers as loci whose
pattern of variation among populations does not match the dominant pattern of other loci. The
number of principal components used in this analysis were chosen as the number before the
asymptote begins in a scree plot of eigenvalues. I analyzed the relevant number of principal
components by species and set the FDR threshold to 0.1. Hardy-Weinberg equilibrium exact
tests were conducted in R (R Core Team, 2019) with pegas (Paradis, 2010) using 1,000
permutations and an alpha threshold of 0.05. Loci with a P-value below this threshold were
considered out of HWE due to heterozygosity excess or deficiency. For all further analyses, I
conservatively removed any SNP that failed Bayescan, pcadapt, or Hardy-Weinberg exact tests.
Population delineation
After outliers were removed, I completed a PCA for each species and used STRUCTURE
(Pritchard et al., 2000) results to delineate populations. PCAs were created for each species in R
using adegenet (Jombart, 2008), with a modification to substitute the mean allele frequency of
the population the individual occurred in for missing data. I assessed how well clusters of
individuals corresponded to sample origin and if the proximity of clusters in PCA space
corresponded to their proximity in geographic space. Samples that did not cluster with other
samples from the same location were sent to Dr. Heather Evans of NCWRC to be barcoded at the
COI mitochondrial gene and were removed from analysis if identified as a non-focal species. I
checked the first four principal components for spatial variation and only reported the
components that showed clear spatial variation. For STRUCTURE I ran ten replicates, each with
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a burn in period of 100,000 followed by 100,000 sampled MCMC iterations. I tested the number
of populations (K) per species from 1-10 and chose the K value with the highest log likelihood
value as the best representation of primary population structure. I conducted hierarchical
structure analyses within each identified primary cluster to see if any of the K clusters detected
by the first analysis exhibited sub-structure not detectable in the full dataset. I only reported
results of these hierarchical analyses that exhibited a K value higher than one. Finally, I
compared the number of clusters from PCAs to the final K value from STRUCTURE to check
their concurrence of population delineations. If discrepancies arose between the two methods the
PCA results were used, in favor for the method’s tolerance to variable and small sample sizes.
Assessment of isolation-by-distance and genetic differentiation
The spatial distance between individuals is often a significant contributing factor to the
genetic differentiation observed between individuals. This is the tenet of isolation-by-distance
(IBD), where closer individuals are more genetically similar and farther individuals are more
genetically different (Philip W. Hedrick, 2005). Characterizing IBD in a species can allow
managers to approximate the connectedness of populations.
To assess IBD, I calculated genetic distance between all same-species pairs of
individuals. I calculated the inverse of the proportion of shared alleles (Dps=1 – proportion of
shared alleles) in R using adgenet. Dps is an individual based measure of genetic differentiation
that avoids making a priori populations, which allows me to include sites with few samples
(Trumbo et al., 2019). For each pairwise combination of individuals the along-the-stream
distance between them was calculated using ArcGIS Desktop 10.6. Finally, a multiple regression
on distance matrices was conducted, using the R package ecodist (Goslee & Urban, 2007),
comparing geographic distance and Dps with 10,000 permutations to get the slope and intercept
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of IBD for each species. These results were plotted and visually assessed for trends that could be
associated with population dynamics.
As a complement to the IBD analysis and to further the estimate the magnitude of genetic
differentiation among delineated populations, I calculated Fst between all pairs of populations
using hierfstat (Goudet, 2005) in R. I used the population delineations from the STRUCTURE
and PCA results to assign individuals to populations in this analysis. To assess the results of the
IBD analysis, I compared the genetic distance, as measured by Fst, of populations that were
geographically close and far apart to the comparable genetic distance, as measured by Dps. This
was done to ensure that the two methods of measuring genetic distance maintained similar
relative genetic distance between populations. I also checked that the populations that were the
farthest apart in the PCA had the highest Fst values to further evidence the population
delineations.
Calculation of diversity statistics
I calculated a suite of genetic diversity statistics to examine patterns in genetic diversity
across the landscape and across species. For each population, I calculated observed
heterozygosity (Ho), nucleotide diversity (π), and the inbreeding coefficient (Fis) using the
hierfstat package and custom scripts in R. Observed heterozygosity characterizes the current
heterozygosity observed in an individual or population. I calculated π as a population estimate of
genetic diversity that calculates the amount of heterozygosity that would be predicted
heterozygosity due to random selection in a population, given the allele frequencies. As applied
to SNP data, π provides a measure of expected heterozygosity that is accurate even at small
sample sizes (give citation for Hohenlohe source). Fis assesses the ratio between observed (Ho)
and expected (π) heterozygosity (FIS = 1 – HO/ π)and can be used to evaluate whether a random

41
sample has been drawn from a population in Hardy-Weinberg equilibrium. For each measure, the
mean per population and standard deviation was recorded.
Results
Overall bioinformatic results
My results indicate the utility of 3RAD for de novo SNP discovery and genotyping in
unionid species. Before filtering, I received 7,292,174 reads on average per individual, resulting
in a mean depth of coverage of 125.7 reads per locus per individual. These sequencing depths
have proven to be sufficient for all downstream analyses done in this project in both empirical
and simulation studies (Fountain et al., 2016; Fumagalli, 2013; Sims et al., 2014). By using
replicates across sequencing lanes, I was able to filter erroneous reads due to sequencing errors
and differences in library preparation. These erroneous reads were shown to have large effects on
results (Appendix 2). After removing erroneous reads and filtering for neutrality (Figure 2.3) I
retained an average of 6,535 putatively neutral, unlinked SNP loci per species with a range of
2,594-11,460 loci (Figure 2.1). Bayescan always identified the smallest number of loci, ranging
from 0-66 (<1%) outlier loci per species. Hardy-Weinberg equilibrium identified 38-1,336 (48%) outlier loci per species. Pcadapt identified 935-4,480 (20-30%) outlier loci per species.
Little overlap was observed between the three outlier detection methods, with only one instance
where a locus was identified by all three methods (Figure 2.6). It was most common for there to
be overlap between Hardy-Weinberg equilibrium testing and pcadapt. In species that were
sequenced across multiple libraries, the library effect method identified the largest number of
outlier loci, ranging from 1,163-5,102 (23-43%) erroneous loci per species. With all outlier loci
removed I was able to conduct all downstream analyses for each species except for Ne. All of the
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species exhibited Ne confidence intervals that either had infinite bounds or the reported Ne
estimate was not within the range of the confidence intervals.
Species specific results
Alasmidonta heterodon
I genotyped 3 A. heterodon individuals from the Neuse basin and 13 from the Tar basin
(Table 2.2). Both STRUCTURE and PCA identified three genetically distinct populations (2.4
A). The Neuse basin consisted of one population, Swift creek, and the Tar basin separated into
two populations: Little Shocco creek and Shelton creek with the Tar River. I found the Little
Shocco population contained the highest genetic diversity, π=0.25, while the Tar River and Swift
creek populations had a π of 0.14 and 0.18 respectively (Table 2.3 A). The Fst values for these
populations ranged from 0.17-0.56. The highest Fst values were from the comparisons of the
Swift Creek population in the Neuse basin to the two populations in the Tar Basin: Little Shocco
(Fst=0.463), and Tar River (Fst=0.561). The lowest genetic differentiation was from the
comparison of the populations within the Tar basin (Fst=0.167)(Table 2.4 A). A. heterodon
exhibited a significantly positive IBD relationship (Dps=0.0003(km) + 0.1879, r2=0.7814,
p=0.0001). There are two observations that stand out when looking at the IBD plot (Appendix 4
A). The level of genetic differentiation (Dps) between individuals captured at the same site was
highest in Little Shocco Creek, lowest in the Tar River population, and intermediate in Swift
Creek. This is, in effect, a type of within-population genetic diversity that appears to be
positively correlated with Ho for those same populations. Second, at ~400-500 km of separation
there is a break, where the genetic differentiation between individuals increases sharply. This
break corresponds to the observations that occur across delineated populations.
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Alasmidonta raveneliana
I genotyped 48 A. raveneliana individuals from the Little Tennessee and French Broad
watersheds (Table 2.2). STRUCTURE indicated that there were three populations which
corresponded to the Little Tennessee, French Broad, and Nolichucky river systems (Figure 2.4
B). The initial STRUCTURE analysis separated the Little Tennessee and French Broad
populations. Hierarchical analysis separated the Nolichucky population from the French Broad
population. Further hierarchical STRUCTURE analysis did not separate the Pigeon River from
the French Broad River (Appendix 2). The Pigeon River samples likely did not separate from the
French Broad River samples in STRUCTURE due to the small sample size of only two samples
for the Pigeon River population. However, the Pigeon population was clearly separated in the 3rd
and 4th axes of the PCA. The first two axes of the PCA showed the same three population
clusters as supported by STRUCTURE (Figure 2.4 B). Because there is clear separation of the
Pigeon from the French Broad in the PCA, and the Fst between the Pigeon and the French Broad
(Fst=0.050) is larger than the Fst between the Nolichucky and the French Broad (Fst=0.039) I
assessed the Pigeon River samples in downstream analyses as a separate population (Table 2.4
B). I found that the Little Tennessee population had the lowest genetic diversity with a π of 0.17
while all the other populations, exhibited π values from 0.22-0.25 (Table 2.3 B). The Little
Tennessee population also exhibited the largest genetic differentiation from the other populations
with Fst values that ranged from 0.466-0.520. The comparisons of the Nolichucky, French Broad
and Pigeon populations resulted in Fst values that ranged from 0.039-0.062 (Table 2.4 B) This
species exhibited a significant, positive IBD relationship (Dps=0.0004(km) + 0.1394, r2=0.8042,
p=0.0001) (Appendix 4 B). Individuals from the Little Tennessee population exhibited the least
intra-population differentiation. There also seems to be a break in the genetic distance between
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individuals in this species that occurs at 450 km. This break also corresponds to the Douglas
reservoir, which separates all of the observations that occur more than 450 km apart.
Alasmidonta varicosa
For A. varicosa I was left with 83 samples after removing individuals that occurred in the
Uwharrie river system. In a PCA, the individuals from the Uwharrie river system appeared to be
genetically divergent from the rest of the A. varicosa individuals, so I labeled these as
Alasmidonta sp. cf varicosa and removed them from downstream analyses in this species. Even
though Alasmidonta sp. cf varicosa were collected from several locations in the Uwharrie river
system, they clustered tightly together and were strongly separated from the other samples of A.
varicosa. This separation was so large that it obscured any other genetic clustering within A.
varicosa. It was outside of the scope of this project to investigate the phylogenetic relationship of
these individuals. However, I did include them with the rest of the Alasmidonta species in an
interspecific PCA (Appendix 1). PCA and STRUCTURE analyses of the putative “true” A.
varicosa samples showed that there was little population structure below basin level (Figure 2.4
C). STRUCTURE K=5 was the best supported K value and corresponds to the basins sampled.
Hierarchical STRUCTURE analysis did not exhibit any further substructure, because K=1 was
the best supported K value in each basin. The 1st and 2nd PCA axes show separation between the
Cape Fear, Catawba and a third cluster that contained the Savannah, Yadkin Pee-Dee and
Potomac basins (Figure 2.4 C). The 3rd and 4th PCA axes exhibited more defined separation of all
of the basins. Using basins as the population delineation for this species I calculated the genetic
diversity statistics and Fst. I found that the Catawba and Yadkin Pee-Dee basins exhibited the
highest genetic diversity with π values of 0.23 and 0.22 respectively (Table 2.3 C). The other
sites had π values that ranged from 0.12-0.15. The Fst values ranged from 0.123 to 0.368 for all
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comparisons, averaging at Fst=0.269 (Table 2.4 C). The Yadkin-Pee Dee population appeared to
be the most genetically similar to all of the other populations with Fst values ranging from 0.1230.258, all other comparisons ranged from 0.239-0.368. This species exhibited a significant,
positive IBD relationship (Dps=0.000034(km) + 0.1394, r2=0.2374, p=0.0001) (Appendix 4 C).
IBD plots visually showed the greatest differentiation within the Catawba and Yadkin Pee-Dee
basins, then the Cape Fear basin showed intermediate within population differentiation and the
Potomac and Savannah were similar and exhibited the lowest within site differentiation. Within
site differentiation was positively correlated with π.
Elliptio lanceolata
All ten individuals genotyped for E. lanceolata originated from three streams in the Tar
basin (Table 2.2 D). STRUCTURE delineated two populations consisting of: Tar River and
Fishing creek plus Swift creek (Figure 2.4 D). PCA separated each sampled location, Tar River,
Swift Creek and Fishing Creek. The clear separation in the PCA for each sampled location led
me to delineate each location as its own population. I found the Tar River population held the
highest genetic diversity, with a π value of 0.33. The Fishing and Swift Creek populations
exhibited lower genetic diversity with π values of 0.25 and 0.26 respectively (Table 2.3 D). The
largest Fst value was 0.185 between the Tar River and Fishing Creek population, then the Tar
River and Swift Creek populations had an Fst value of 0.028, and the Fst value was 0.005 between
the Swift Creek and Fishing Creek populations (Table 2.4 D). This species did not exhibit
significant IBD, which could be due in part to the low sample size (Dps=0.0002(km) + 0.2378,
r2=0.3406, p=0.1406). In the IBD plot I still observed the inherent differences in withinpopulation differentiation and that they were positively correlated with genetic diversity
(Appendix 4 D).
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Fusconaia masoni
The 40 successfully genotyped F. masoni individuals originated from the Tar, Neuse and
Roanoke basins (Table 2.2). Both PCA and STRUCTURE identified five genetically
distinguishable populations (Figure 2.4 E). The initial STRUCURE analysis best supported K=4,
but one population appears to consist of admixture between two other populations. Hierarchical
STRUCTURE analysis did not identify any substructure within the K=4 delineations. Both
STRUCTURE and PCA support delineating 5 separate populations. One population in the Tar
basin consisted of Fishing creek, Little Fishing creek, Swift creek (Tar), and Sandy creek (Tar
tribs). Another population in the Tar basin was comprised of Shelton creek (Shelton) individuals.
The last population in the Tar basin consisted of individuals from the Tar River main stem and is
a separate population that consists of admixture from the Tar tribs and Tar River populations.
Little Grassy creek in the Roanoke basin consisted of its own population. The last population
was in the Neuse basin and contained individuals from Flat creek, Little River, South Fork Little
River, and Swift creek (Neuse). Based on these five populations, I found the lowest genetic
diversity was π=0.17 in the Roanoke population and the highest genetic diversity was π=0.29 in
the Tar Tribs population, averaging at π=0.24 across populations (Table 2.3 E). The three lowest
Fst values were, 0.060 for the comparison of the Tar Main and Tar Tribs populations, 0.062
between the Tar Tribs and the Neuse populations, and 0.077 between the Tar Main and Shelton
populations. These four populations were distributed in a line in the PCA and each of these low
Fst values correspond to a comparison of neighboring clusters in this group. The Roanoke
population was the most differentiated with Fst values that ranged from 0.262-0.447 and was the
farthest separated from the other populations in the PCA (Table 2.4 E). The IBD plot showed a
significant positive relationship (Dps=0.0001(km) + 0.2193, r2=0.4502, p=0.0001). The Tar Tribs
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population exhibited the greatest within-population Dps values, and the Roanoke population
exhibited the lowest within-population Dps values (Appendix 4 E).
Parvaspina collina
I genotyped 40 P. collina individuals that were collected from the Roanoke and James
basins (Table 2.2). Based on both STRUCTURE and PCA, there were three clearly
distinguishable populations: South Potts Creek (James basin), South Mayo River (Roanoke
basin), and Dan River plus Mill Creek (Roanoke basin)(Figure 2.4 F). The Dan River population
exhibited the highest genetic diversity with π=0.22 (Table 2.3 F). The Roanoke and James
populations exhibited π=0.18 and π=0.15, respectively. All of these populations were highly
divergent, with the Dan and Mayo populations exhibiting an Fst of 0.467, Potts and Dan
populations Fst=0.537, and the Potts and Mayo populations Fst=0.570 (Table 2.4 F). The Fst for
the Dan and Mayo populations is considerably higher than would be expected given their
proximity in comparison to the Potts population. This species exhibited a significant IBD
relationship (Dps=0.0001(km) + 0.2229, r2 =0.5824, p=0.0001). In the IBD plot, there is an
almost immediate jump in the genetic differentiation seen when comparing individuals across
populations (Appendix 4 F). This corresponds to the high Fst values observed between all
populations, regardless of their proximity.
Parvaspina steinstansana
I genotyped 29 P. steinstansana individuals, 24 of which originated from wild
populations and 5 were propagated in captivity (Table 2.2). One propagated individual was an F1
propagule from Little Fishing and Fishing creeks wild collected parents and the other three were
propagules of a F1 propagule from the hatchery held Tar wild collected broodstock and a wild
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collected individual from the Little River, Neuse basin. STRUCTURE analyses supported two
unique groupings, with Little Fishing and Fishing creeks as one population and the wild Neuse
plus Neuse x Tar propagules as the other. The Fishing x Little Fishing propagule did not assign
neatly to either population but was unexpectedly more similar to the wild Neuse individual than
to the wild Tar individuals. The PCA showed greater resolution and indicated five genetic
clusters (Figure 2.4 G). Wild individuals from Little River (Neuse basin) were distinct from wild
individuals from Fishing and Little Fishing creeks (Tar basin) and the latter two creeks also
showed modest differentiation from each other. The Tar propagule was unexpectedly distinct
from its source populations, whereas the Neuse x Tar propagules were genetically intermediate
to the populations that originated in the Tar and Neuse basins. For further analyses, I delineated
four populations, Fish (Fishing and Little Fishing creeks), Little River (Neuse basin), Fish Brood
(Tar propagules), and NT Brood (Neuse x Tar propagules). Genetic diversity was substantially
higher in the Fish population (π=0.32) than the wild Little River population (π=0.21), but the
latter was only represented by one individual (Table 2.3 G). Genetic diversity also was higher in
the three Neuse x Tar propagules (NT Brood, π=0.27) than in the single Tar propagule (Fish
Brood, π=0.21). Neuse x Tar propagules also exhibited a negative Fis value, as expected for a
cross between two differentiated source populations. The Fst between the two delineated wild
populations was 0.141 (Table 2.4 G). Based only on wild origin individuals, there was a
significant positive isolation by distance relationship (Dps =0.0001(km) + 0.2600, r2=0.7497,
p=0.0001)(Appendix 4 G).
Pleurobema oviforme
I genotyped 36 P. oviforme individuals for use in downstream analysis (Table 2.2).
STRUCTURE and PCA delineated the species into four distinct populations (Figure 2.4 H).
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These populations corresponded to four major river systems of the Tennessee basin: the Paint
Rock, Little Tennessee, French Broad and Holston. The Little Tennessee population showed the
highest genetic diversity with π=0.28, whereas the other populations ranged from π=0.15 to 0.18
(Table 2.3 H). The Fst values ranged from 0.174 between the French Broad and Little Tennessee
populations, to 0.371 between the Paint Rock and Holston populations, with an average of
Fst=0.278 (Table 2.4 H). This species exhibited a significant positive IBD relationship
(Dps=0.0001 + 0.2370, r2=0.3951, p=0.0001), but various population-specific deviations from a
linear relationship are evident. For example, same-site comparisons in Little Tennessee have
higher Dps values than elsewhere, Holston x Little Tennessee comparisons have higher Dps
values than expected based on the regression relationship, and Paint Rock x French Broad
comparisons have lower Dps values than expected (Appendix 4 H).
Discussion
This is the first genomic-level conservation genetic assessment of a suite of freshwater
mussels. Using 3RAD I obtained thousands of informative, putatively neutral SNPs per species.
The 3RAD method is a de novo approach that has shown to be effective for use in conducting
conservation genomics for species that do not have a reference genome. Previous studies have
successfully used de novo genomic approaches in other taxa (Attard et al., 2018; Fusco et al.,
2020; Peterson et al., 2012) but relatively few have used de novo genomics for unionids
(Garrison et al., 2020; Roe & Kim, 2021). With the SNPs obtained from these methods, and a
relatively small number of samples (~5) per location, I was able to delineate population
boundaries and estimate genetic diversity and differentiation with precision rivaling that of largesample-size studies using other markers like microsatellites. Previous studies support that a large
dataset of >2,000 SNPs can overcome issues with small sample sizes for certain estimates like Fst
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(Willing et al., 2012). However, this is not the case for all estimates. I was not able to accurately
estimate effective population size (Ne). It is most likely that I did not have a large enough sample
size to estimate Ne for any population in this study. It is not possible to conjecture what sample
size will result in correct estimation of Ne, but the largest sample size for a population in this
study was 34 samples and the confidence intervals for that population were still too large to
make an Ne estimate. Even without Ne the information gained in this study will be useful in
managing the genetic diversity within the focal unionid species.
An important first step to genetic management of species is population delineation. I
delineated the genetic population structure for each focal species and found that population
structure arose in three different scenarios. First, population structure was seen at the main
channel watershed or basin level in A. heterodon, A. raveneliana, P. steinstansana, and P.
oviforme. For these species, samples collected less than 400 km apart exhibited low Dps values
and sharply increased in value for observations greater than 400 km apart. This corresponds with
the PCA results where samples that were within 400 km of each other were clustered into the
same population. This is also supported in STRUCTURE where it delineated the same
population clusters as PCA with little to no admixture. Second, population structure was less
discrete but observed at the main channel watershed or basin level for A. varicosa, E. lanceolata,
and F. masoni. For these species, Dps increased at a seemingly constant rate. However,
STRUCTURE and PCA clustered these samples into discrete populations by either basin or main
river watershed, which is similar in scale to the previous example. In the STRUCTURE results, I
observed that these three species exhibited the most admixture between populations. For
example, the Tar River population of F. masoni appeared to be genetically intermediate to the
two closest populations. The sample size for E. lanceolata is so small that it is difficult to discern
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trends in the data, but the admixture seen in the Swift Creek individual could indicate that
population is genetically intermediate to the two populations it lies between. The Yadkin PeeDee population in A. varicosa appeared to exhibit admixture from the Savannah, Potomac basins
along with unique genetic signals to that population. However, this is likely an artifact of
STRUCTURE and uneven sample sizes where STRUCTURE is more likely to assign admixture
to populations with the largest sample sizes. Another explanation could be that admixture seen in
A. varicosa could signify that sub population structure is present in those populations, but it was
not identified with this dataset, or that the constant IBD slope creates less discrete populations
across the landscape. Deeper sampling at the same locations and further sampling across the
population areas can identify which scenario is occurring. Lastly, population structure was
observed at the main channel watershed level for P. collina. This species exhibited an almost
immediate jump in Dps that leveled out. STRUCTURE and PCA results further supported this
observation where samples were clustered into the same population that were less than 100 km
apart and all, but two samples did not exhibit any admixture. The small amount of admixture
observed, along with the high Fst values between delineated populations, highlights the discrete
population structure within P. collina. Because population structure arises at large spatial scales
it signifies that gene flow occurs across populations within a species at a level that prevents
further population structuring.
When comparing population structure across unionids there are examples of species that
exhibit population structure on fine and large scales. For example, species in the Ensidens genus
in Thailand exhibited fine, stream level, population structure (Muanta et al., 2019) and
Lasmigona subviridis exhibited large, basin level, population structure (Inoue et al., 2014; King
et al., 1999; C. H. Smith et al., 2018). Both of these species also had similar phylogeographic
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histories, even though Ensidens occurs in Thailand and Lasmigona subviridis occurs in North
America. During a period of glacial maximum, the basins the species occurred in were
connected. This is because during the Pleistocene glacial maximum the sea levels were lower
and in the extra distance it took to reach the ocean the two main river channels of the basins met,
meaning in the past they were part of the same basin. This raises the question that if a species
experiences similar historical phylogeographies but exhibits different contemporary population
structure, what is driving the observed population structure? I expect that differences in species
life histories could account for the differences in population structure seen across mussel species.
Longevity and dispersal ability could be life history traits that effect contemporary population
structure. Due to the large diversity of freshwater mussels (Haag, 2012) it is not surprising that
large differences can be observed between contemporary population structure regardless of the
similarities in phylogeographic histories species experienced. I investigate the effects of species’
traits on population structure and genetic diversity further in Chapter 3.
All of the species in this study, except for E. lanceolata, which only had a sample size of
10, exhibited a significant isolation by distance relationship. The average slope of the IBD
relationship across species was 0.000167 (Dps/km). Several studies have shown similar, small,
IBD relationships in other unionid species (Berg et al., 1997; Berg et al., 2007; Elderkin et al.,
2007). Not only was I able to assess genetic differentiation across populations, but since Dps is
calculated on the individual scale I was able to investigate the genetic differentiation within a
population. Within a species, I found that populations with higher genetic diversity (π) also
exhibited higher genetic differentiation (Dps) among individuals within the same population. In
other words, high genetic diversity within individuals corresponded with high genetic
differentiation among individuals. As both forms of genetic diversity are potentially important

53
for persistence and evolution, further study of this relationship in mussels is warranted. However,
the relationship did not apply to interspecific comparisons, i.e., species with higher overall
genetic diversity (π) did not necessarily exhibit a higher overall Dps within populations. This is
likely due to intrinsic differences in species, such as a trait like longevity, that allows a species to
maintain high genetic diversity, but have low genetic differentiation within a population.
There were no strong, consistent patterns for certain geographic areas to consistently
maintain higher or lower genetic diversity. Rather, geographic patterns in genetic diversity
seemed to vary idiosyncratically among species. Previous studies and reports on the species in
this study have shown strong fragmentation and range constrictions within each species (Bibb et
al., 2005, 2009; Doran et al., 2018; Fuller, 2017; McRae, 2018; Michaelson & Neves, 1995;
Wicklow & McRae, 2013) This could be because suitable habitat for these species are only
found in certain locations, or historical species-specific factors, such as life-history traits, have
driven each species’ distribution, abundance, and decline. For example, A. raveneliana and P.
oviforme were sampled from both the Little River (French Broad watershed) and the Little
Tennessee River. However, the Fst between the Little River and the Little Tennessee River
populations was 0.474 in A. raveneliana and 0.174 in P. oviforme. Also, π was 0.17 for A.
raveneliana and 0.28 for P. oviforme in the Little Tennessee River populations. If the habitats
were not suitable between the two locations for A. raveneliana but were suitable for P. oviforme
it could explain this relationship, because dispersal would be more constrained between the two
populations for A. raveneliana, leading to stronger isolation and an eventual increase in genetic
differentiation. The separation of the Little Tennessee and Little River populations by bad habitat
for A. raveneliana could also explain why the genetic diversity in the Little Tennessee was lower
for A. raveneliana than in P. oviforme, because genetic diversity can be influenced by geneflow,
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where higher gene flow would increase genetic diversity within a population. This result is the
most logical because A. raveneliana is a cold-water species, unlike P. oviforme, and is not able to
tolerate the warmer temperatures of the lower portions of the watersheds, thus causing large
disconnections between populations. An alternative explanation could be differences in the
species life history traits, such as longevity. Longer lived species are able to maintain the genetic
diversity associated with larger more connected populations for longer than shorter lived species
(Martinez et al., 2018; Romiguier et al., 2014). Then I would expect P. oviforme, which is a
longer-lived species than A. raveneliana (Richard J. Neves & Moyer, 1988) to exhibit lower Fst
values than A. raveneliana. The idiosyncratic distribution of genetic diversity and differentiation
across species highlights the importance of maintaining the genetic diversity that is left in a
species. Each of the populations have adapted to their local environment and with such strong
differentiation between some populations many of those adaptations are unique to that
environment because there is little opportunity for gene flow to carry those adaptations to other
populations. In the case of local extinctions, the unique local adaptations associated with that
location will be difficult, if not impossible, to regain once lost. This is especially pertinent for A.
raveneliana because it has almost completely disappeared from the mainstem of the Little
Tennessee River over the past 13 years (R. Hoch, 2021). Gaining a better understanding of the
drivers behind the patterns seen in genetic diversity and differentiation will help managers to
identify the factors that are most important in maintaining this genetic diversity.
To maximize the coverage area for this study and to include as much of the diversity
within a species that is available across the landscape, a breadth over depth sampling design was
taken. The sampling design and intensity in this study were sufficient for obtaining the goals of
this project which were description of the spatial scale that is most appropriate to manage
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unionid populations, assessment of which populations harbor the greatest or least genetic
diversity, and evaluation of the population genetic differentiation within each species. Increasing
the depth and breadth of sampling would allow for the assessment and calculation of several
parameters that are useful in species conservation. First, there are some instances within several
species where a basin or large watershed are represented by only a few sampling locations that
are close together. For instance, the James basin in P. collina is represented by one sampling
location. Broader sampling within such watersheds could allow for the identification of
population structure that was not sampled in this project. Second, deeper sampling of populations
could resolve some apparent disparities in population delineations that were seen between PCA
and STRUCTURE results. An example of where larger sample sizes will likely solve
discrepancies between PCA STRUCTURE was in A. raveneliana where STRUCTURE was not
able to identify the Pigeon River samples as a separate population, but PCA did. Third, deeper
and broader sampling coverage could either further confirm the population delineations in this
study or detect finer demographic breakpoints. Previous studies in other mussels have
successfully used small population sizes in population delineation (Farrington et al., 2020), and
another study conducted simulations and found small sample sizes (n=4-6) can be used to
effectively estimate Fst (Willing et al., 2012), which is one of the parameters used in this study to
delineate populations. These studies support that deeper sampling is likely not necessary for the
population genetic analyses conducted in this study, but deeper sampling will increase
confidence in results and there are some populations in this study that had smaller population
sizes than were investigated in those studies. Lastly, deeper sampling coverage will allow for the
estimation of useful quantities like effective population size (Ne)(Waples & Do, 2008).
Calculation of Ne over time can allow managers to track population trends and adjust
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management plans accordingly. Effective population size is strongly associated with genetic
diversity, where larger effective populations typically have higher genetic diversity.
The conservation genetic information in this study can be of use in implementing
effective and efficient conservation plans. Managers can better identify populations for use in
translocations and prevent causing genetic issues. An example where populations that would be
assumed to be genetically similar but are in fact highly differentiated due to their close proximity
are, the Mayo and Dan populations in P. collina. I found that Fst for these two populations
(Fst=0.467) was nearly as high as the Fst between either of these populations and the Potts
population (Fst~0.5), which is almost 1,500 river kilometers farther than the other Mayo and Dan
populations are from each other. Such large genetic differentiation could be evidence to conduct
further investigation of the potential for outbreeding depression before mixing individuals from
these populations. This unexpectedly large genetic differentiation could be due to recent
fragmentation caused by dams that occur between the two populations or could be caused by
long-term evolutionary isolation. There are two large dams that completely obstruct the
waterway between the two populations. One dam is the Mayo dam which was built in 1898 and
the other is the Avalon dam built in 1900. Since the Mayo and Dan river populations have been
separated by dams for over 100 years it is likely that the loss in geneflow over such a long period
is able to cause the large genetic differentiation observed between the Mayo and Dan
populations. However, using genomic methods it is possible to investigate contemporary and
historical effects to the species’ genomes. This investigation would answer whether the
installation of the two dams between the Dan and Mayo populations is what caused their
increased genetic differentiation or whether there is a natural trend between the two populations
that led to the observed genetic differentiation over evolutionary time. To compare the
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contemporary and historical evolution, different types of markers might be utilized. The markers
in this study are nuclear and likely more contemporary. More historical markers that can be used
for this analysis would be mitochondrial DNA (Coates et al., 2009). Historical markers can be
useful in comparing contemporary population structure to historical structure (Wan et al., 2004).
If discrepancies were found in the results between SNPs and mtDNA markers it is likely the
construction of the dams created the increase in genetic differentiation I observed.
In creating and implementing conservation plans, managers can use continued genetic
monitoring to measure how their actions are impacting the genetic diversity of wild populations.
To implement translocations effectively, managers can measure the genetic contributions of
translocated individuals to wild populations over time. Depending on how the genetic diversity
of the wild population trends after incorporating translocated individuals, managers can adjust
their plans as needed. To continue genetic monitoring of managed populations, a panel of target
loci can be created in order to quickly and inexpensively measure genetic diversity over time
(Lew et al., 2015). The targeted loci can be identified from the genomic data collected in this
study and once compiled will create a streamlined tool for continuous genetic monitoring (Meek
& Larson, 2019).
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Table 2.1 Description of the loci filtering process by species. RAD loci are the number of loci
constructed in the Stacks pipeline without any filtering. Unfiltered SNPs are the number of RAD
loci that contain polymorphisms. Consistent SNPs are the number of SNPs left after only
including one SNP per locus and are present in 80% of the individuals in a species. Final SNPs
are the number of SNPs left after filtering for neutrality and removing library effects. Individuals
are the number of individuals per species that were successfully genotyped.
Species

RAD loci Unfiltered SNPs Consistent SNPs Final SNPs Individuals

A. heterodon

160,682

37,578

3,700

2,594

16

A. raveneliana

195,821

137,480

12,042

7,264

45

A. varicosa

226,659

95,431

9,338

5,472

83

82,235

29,700

14,710

10,153

10

F. masoni

236,726

172,176

13,512

10,071

40

P. collina

196,505

58,952

9,829

4,967

39

P. steinstansana

248,347

76,625

11,797

4,563

31

P. oviforme

182,087

89,804

16,413

11,460

36

E. lanceolata
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Table 2.2 Description of sample origins for each species. Stream systems column describes the main river channel or basin the
samples occurred in. Population delineation column contains the name of the population used in describing the populations that were
delineated as one unit using PCA, Fst, and STRUCTURE. Stream is the specific waterway the samples were collected from. The
number of sites column is the number of unique sampling locations in each waterway. Number of samples column is the number of
individuals collected from the waterway.
Species

Stream System

Population
Delineation

A. heterodon

Neuse Basin

Swift

Swift Creek

1

3

Tar Basin

Little Shocco

Little Shocco Creek

1

11

Tar River

Tar River

1

1

Shelton Creek

1

1

Cane River

1

5

North Toe River

1

3

South Toe River

2

6

French Broad River

2

5

Little River

1

4

Mills Creek

1

1

Burning Town Creek

1

5

Little Tennessee River

6

6

Tuckasegee River

2

8

Pigeon River

1

2

A. raveneliana

Little Tennessee
System

Nolichucky

French Broad

Little Tennessee

Pigeon

Stream

Number
sites

Number
samples
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A. varicosa

Catawba Basin

Yadkin-Pee Dee
Basin

Savannah Basin

E. lanceolata

Catawba

Yadkin Pee-Dee

Savannah

Wilson Creek

2

2

Mulberry Creek

3

5

Catawba River

3

9

Upper Creek

2

5

Linville River

2

3

North Fork Catawba River

1

1

Warrior Fork

1

1

Middle Prong Roaring River

1

4

Yadkin River

3

16

Mitchell River

1

11

Roaring River

1

2

East Prong Roaring River

1

1

Turkey Creek

1

3

Chattooga

2

5

Potomac Basin

Potomac

Cacapon

1

5

Cape Fear Basin

Cape Fear

Brush Creek

1

1

Deep River

2

6

Rocky River

2

3

Fishing Creek

4

4

Tar Basin

Fishing
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F. masoni

P. collina

P.
steinstansana

Neuse Basin

Swift

Swift Creek

1

1

Tar

Tar River

2

4

Neuse

Flat Creek

1

1

Little River

1

3

South Fork Little River

1

1

Swift Creek

1

5

Roanoke Basin

Roanoke

Little Grassy Creek

2

7

Tar Basin

Tar Tribs

Fishing Creek

2

2

Little Fishing Creek

1

8

Sandy Creek

1

2

Swift Creek

1

2

Tar Main

Tar River

1

4

Shelton

Shelton Creek

1

5

Dan

Dan River

4

28

Mill Creek

1

1

Mayo

South Fork Mayo

1

5

James Basin

Potts

South Potts Creek

1

5

Tar Basin

Fish

Fishing Creek

2

3

Little Fishing Creek

6

21

Roanoke Basin
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P. oviforme

Fish Brood

Fishing/Little Fishing
Broodstock

Neuse Basin

Little River

Little River

Tar/Neuse Cross

NT Brood

Neuse/Tar Broodstock

French Broad System

French Broad

Little River

Little Tennessee
System

Little Tennessee

Little Tennessee River

Holston System

Holston

Tennessee River
System

Paint Rock

NA

1

1

1

NA

3

2

2

12

23

North Fork Holston

1

5

Paint Rock River

1

6
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Table 2.3: Genetic diversity summary statistics: n=number of individuals sampled in the
population, Ho=observed heterozygosity, π=nucleotide diversity (similar in concept to expected
heterozygosity), Fis= inbreeding coefficient. Each diversity statistic is the mean across
individuals within each population, with the standard deviation in parentheses.
A. Alasmidonta heterodon
Population

n

π

Ho

Fis

Little Shocco 11 0.24 (0.22) 0.25 (0.20) 0.02 (0.30)
Tar River

2

0.12 (0.27) 0.14 (0.26) 0.11 (0.43)

Swift

3

0.17 (0.26) 0.18 (0.24) 0.05 (0.40)

B. Alasmidonta raveneliana
Population

n

π

Ho

Fis

Little Tennessee 19 0.16 (0.18) 0.17 (0.18) 0.04 (0.21)
Nolichucky

14 0.23 (0.20) 0.25 (0.19) 0.04 (0.25)

French Broad

10 0.23 (0.21) 0.24 (0.19) 0.04 (0.29)

Pigeon

2 0.22 (0.33) 0.22 (0.30) 0.02 (0.39)

C. Alasmidonta varicosa
Population

n

π

Catawba

26 0.21 (0.17) 0.23 (0.17) 0.09 (0.26)

Ho

Fis

Yadkin-Pee Dee 34 0.20 (0.17) 0.22 (0.18) 0.08 (0.23)
Cape Fear

10 0.13 (0.18) 0.15 (0.20) 0.13 (0.34)

Potomac

5 0.13 (0.23) 0.13 (0.21) 0.01 (0.37)

Savannah

8 0.11 (0.18) 0.12 (0.19) 0.10 (0.36)

D. Elliptio lanceolata
Population n Ho

π

Fis

Tar

5 0.30 (0.24) 0.33 (0.19) 0.07 (0.38)

Fishing

4 0.24 (0.27) 0.25 (0.22) 0.02 (0.40)

Swift

1 0.26 (0.44) 0.26 (0.44) 0.00 (0.00)
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E. Fusconaia masoni
Population n

π

Ho

Fis

Tar Tribs

14 0.27 (0.18) 0.29 (0.17)

0.04 (0.26)

Neuse

10 0.25 (0.20) 0.27 (0.19)

0.08 (0.30)

Roanoke

7 0.17 (0.25) 0.17 (0.21) -0.01 (0.36)

Shelton

5 0.20 (0.25) 0.20 (0.22)

0.03 (0.38)

Tar Main

4 0.24 (0.26) 0.25 (0.23)

0.02 (0.37)

F. Parvaspina collina
Population n
Dan

π

Ho

Fis

29 0.22 (0.20) 0.22 (0.19) 0.00 (0.19)

Mayo

5 0.18 (0.25) 0.19 (0.23) 0.04 (0.38)

Potts

5 0.15 (0.24) 0.17 (0.23) 0.08 (0.42)

G. Parvaspina steinstansana
Population

n

π

Fish

24 0.31 (0.15) 0.32 (0.14) 0.03 (0.21)

Ho

Fis

Little River

1 0.21 (0.41) 0.21 (0.41) 0.00 (0.00)

Fish Brood

1 0.21 (0.41) 0.21 (0.41) 0.00 (0.00)

NT Brood

3 0.33 (0.37) 0.27 (0.26)

-0.19 (0.38)

H. Pleurobema oviforme
Population

n

Ho

π

Fis

Paint Rock

6 0.14 (0.20) 0.18 (0.21) 0.19 (0.42)

French Broad

2 0.14 (0.29) 0.15 (0.28) 0.07 (0.43)

Little Tennessee 23 0.27 (0.18) 0.28 (0.17) 0.06 (0.22)
Holston

5 0.15 (0.23) 0.18 (0.23) 0.15 (0.44)
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Table 2.4: Matrices of mean Fst between each pair of populations by species using the
populations delineated using PCA and STRUCTURE. Fst was calculated in hierfstat using the
Weir&Cockerham estimator (Paradis, 2010). Sample sizes of each population are in parentheses
next to population names in the first column of each matrix.
A. Alasmidonta heterodon
Little Shocco Tar River Swift
Little Shocco (11)

0.167 0.463

Tar River (2)

0.167

Swift (3)

0.463

0.561
0.561

B. Alasmidonta raveneliana
Little Tennessee Nolichucky French Broad Pigeon
Little Tennessee (19)

0.466

Nolichucky (14)

0.466

French Broad (10)

0.474

0.039

Pigeon (2)

0.520

0.062

0.474

0.520

0.039

0.062
0.050

0.050

C. Alasmidonta varicosa
Catawba Yadkin-Pee Dee Cape Fear Potomac Savannah
Catawba (26)

0.258

0.239

0.323

0.320

0.196

0.123

0.159

0.358

0.349

Yadkin-Pee Dee (34)

0.258

Cape Fear (10)

0.239

0.196

Potomac (5)

0.323

0.123

0.358

Savannah (8)

0.320

0.159

0.349

D. Elliptio lanceolata
Tar
Tar (5)

Fishing Swift
0.180 0.028

Fishing (4) 0.180
Swift (1)

0.028

0.005
0.005

0.368
0.368
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E. Fusconaia masoni
Tar
Tribs

Neuse

Tar Tribs
(14)

0.062

Roanoke Shelton Tar Main
0.262

0.152

0.060

0.296

0.216

0.128

0.447

0.378

Neuse (10)

0.062

Roanoke (7)

0.262

0.296

Shelton (5)

0.152

0.216

0.447

Tar Main (4)

0.060

0.128

0.378

0.077
0.077

F. Parvaspina collina
Dan
Dan (29)

Mayo Potts
0.467 0.537

Mayo (5) 0.467
Potts (5)

0.570

0.537 0.570

G. Parvaspina steinstansana (excluding hatchery progeny)
Fish

Little River

Fish (24)

0.141

Little River (1) 0.141

H. Pleurobema oviforme
Paint Rock French Broad Little Tennessee Holston
Paint Rock (6)

0.250

French Broad (2)

0.250

Little Tennessee (23)

0.225

0.174

Holston (5)

0.371

0.334

0.225

0.371

0.174

0.334
0.311

0.311
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Figure 2.1: Map of sampling coverage for all species. Points represent locations samples were
collected and each color corresponds to a species.
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Figure 2.2: General overview of the bioinformatic workflow

`
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Figure 2.3: Venn diagram showing overlap in the number of SNP loci that failed each of three outlier-detection methods after being
filtered for library affected loci.
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Figure 2.4: STRUCTURE and PCA results for all species with maps showing their sampling
extent. Hierarchical STRUCTURE analyses were only reported for species that exhibited K
values higher than one in the hierarchical analysis. Principal components three and four were
only reported when they exhibited spatial variation within a species. Colored points on the maps
correspond to the colored clusters in the PCA plots.
Figure 2.4 A. Alasmidonta heterodon. Shelton Creek is a tributary of the Tar River and the
individuals collected from both locations are geographically close spatially, helping to explain
why minimal separation was seen between the two locations.
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Figure 2.4 B. Alasmidonta raveneliana. PCA plot A represents the first and second PCA axes
and PCA plot B represent the third and fourth axes. The Pigeon River separated out strongly in
the third PCA axis. The Pigeon River was not identified in STRUCTURE. This is likely due to
the Pigeon River having only sampled two individuals.

A.

B.
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Figure 2.4 B continued
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Figure 2.4 C. Alasmidonta varicosa. PCA plot A represents the first and second PCA axes and PCA plot B represents the third and
fourth axes. The third and fourth PCA axes appear to contain the variation between the Savannah and Potomac basins, and the first
and second axes explain the variation between the other populations

A.

B.
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Figure 2.4 C continued
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Figure 2.4 D. E. lanceolata. Due to the small sample size, structure is not likely able to identify
all of the variation between individuals. The PCA plot was able to identify variation between
each sampled location.

.
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Figure 2.4 E. Fusconaia masoni. Separation between sites in the Tar basin was identified by both
PCA and STRUCTURE. Horizontal bar colors on top of the STRUCTURE plot correspond to
the population clusters in the PCA plot.
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Figure 2.4 E continued
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Figure 2.4 F. Parvaspina collina. Strong differentiation between populations was identified, even
though the Dan River and South Fork Mayo sites are much closer spatially than they are to South
Potts Creek.
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Figure 2.4 G. Parvaspina steinstansana. PCA was able to identify more nuanced variations
between propagated (crossed) individuals and the rest of the samples. Horizontal bar colors
above the STRUCTURE plot correspond to the PCA population clusters.
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Figure 2.4 H. Pleurobema. oviforme. Strong population differentiation was identified for each
sample location in this species.
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Figure 2.4 H continued
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CHAPTER 3: MULTI-SPECIES LANDSCAPE GENOMICS: A COMPARISON OF TRAITSBASED AND SPECIES-BASED APPROACHES IN A SUITE OF FRESHWATER MUSSELS
Introduction
Anthropogenic activities have created large-scale ecosystem impacts, such as climate
change, pollution, and habitat degradation, which contribute to an increasing number of species
imperilment and extinctions (Cardillo et al., 2006; Ceballos et al., 2015; Dudgeon et al., 2006;
Fang et al., 2015; Pavlova et al., 2017). As a species’ abundance declines, its genetic diversity
decreases, and the biodiversity of the ecosystems they occur in decreases. Maintaining and
improving ecosystem biodiversity increases the ecosystem’s ability to provide economically
valuable ecosystem services like natural disaster mitigation and improves the ecosystem’s
resilience to impacts such as disease (Chapin III et al., 2000; Jaiswal & Pandey, 2021; SotoMontes-de-Oca et al., 2020). Loss of genetic diversity within a species results in a reduction of
adaptive potential and can decrease individual fitness (Crandall et al., 2000; Edmands, 2006;
Keller, 2002). Over time, if lost genetic diversity is not replaced, the number of individuals
experiencing reduced fitness can increase to a level that effects entire populations or species.
Thus, it is important to preserve genetic diversity through management activities such as
translocations or population protections. However, it is necessary to note that without an
appropriate understanding of the species genetic diversity and structure these activities can be
inefficient, ineffective, or even harmful to the populations they are trying to preserve (D. R.
Smith et al., 2015). The results from landscape genomic analyses can be used in downstream
conservation assessments to prioritize populations in management activities to maximize
efficiency and efficacy (Baillie et al., 2015; L. M. Miller et al., 2004; Tave & Hutson, 2019).
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Understanding how an individual’s genome is associated with the landscape and how
these change over time allows one to identify which landscape factors promote or constrain
genetic diversity, population connectivity, and ultimately, species persistence and evolution. The
rapidly expanding field of landscape genomics provides useful tools for assessing the influence
of the landscape on a species’ or population’s genetic diversity (Storfer et al., 2010). First,
landscape genomics can be used to associate individual and population genetic diversity to the
surrounding landscape. Identifying landscapes that are able to support large populations allows
managers to identify other areas that can support a large population of the species but is currently
unoccupied (Mendoza‐Portillo et al., 2020). Second, the genetic distance between individuals or
populations can be used to infer gene flow and the landscape factors that constrain or promote it
(Fusco et al., 2020; M. A. Murphy et al., 2010; Pavlova et al., 2017). Using a genomics approach
to identify significant landscape factors and their effect on genetic distance and diversity can be
significantly more cost effective than traditional methods, such as telemetry and population
abundance surveys. Population genomic data synthesizes the effects of drift and migration across
multiple generations. This means genomic methods are able to measure migration and population
size with a single point measure, whereas robust estimates of migration rates and population size
using field methods require multiple replicates, which can take years to acquire (Green, 2003;
Pechmann et al., 1991). Multiple replicates are required to estimate population size and
migration rate because they change stochastically over time, but genomic data incorporates time
into its measurement and once the genome of an individual is created it does not change.
Landscape genomics provides powerful tools that can be implemented on a wide variety
of taxa. As it stands, it is most common for studies to use landscape genomics to investigate one
species in one ecosystem at a time. With approximately 1,300 threatened and endangered species
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in the United States, this may not be a time efficient approach (US EPA, 2013). Implementing
multi-species approaches may be an effective way to address the time sensitive issue of
imperiled species management. A potentially effective multispecies approach for landscape
genetic studies could be to combine species into functional groups based on specific shared traits
(Meryl C. Mims et al., 2018). In this study, I am implementing a traits-based and species-based
landscape genomics approach on eight imperiled freshwater mussel species. I attempted to place
each species into one of three functional groups, based on traits associated with life-history
(longevity, fecundity, dispersal potential, and breeding strategy; Table 1.1). However, as
discussed in detail later, I found that the groupings were most associated with longevity and
fecundity and the other traits I used to delineate functional groups were either not well enough
defined or did not exhibit enough diversity across taxa to demonstrate any significant results.
Nonetheless, the traits I attempted to delineate have been proven in other taxa to be significant in
dictating the population genetic structure of a species, and how environmental and landscape
factors affect their population genetic structure (Hall et al., 2009; Ibrahim et al., 1996; M. P.
Miller et al., 2002; Meryl C. Mims et al., 2018). As one of the first studies to implement a traitsbased landscape genomic approach in unionids, I will compare this approach to the more
traditional species-based approach and assess their efficacy for landscape genomics of freshwater
mussels.
Freshwater mussels in the family Unionidae are among the most imperiled fauna in the
world, with 167 out of the 297 North American species listed as species of special concern
(Haag, 2012; Lochmann, 2019). This imperilment is largely due to pollution and habitat
degradation caused by human activity (Abernethy et al., 2013; Biello, 2010; Fang et al., 2015;
Galbraith & Vaughn, 2011). It is important to preserve unionids because they provide
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economically valuable ecosystem services such as, water filtration and sediment stabilization
(Atkinson et al., 2014; Castro et al., 2016; Vaughn, 2018). Many unionids have been poorly
characterized with regard to their demography, population structure, and genetic diversity, which
complicates species-specific management (Gangloff et al., 2007; Haag & Williams, 2014; R.J.
Neves, 1982). Due to the specific gaps in knowledge for many unionid species, a traits-based
approach could prove to be a powerful tool. Traits-based approaches can allow managers, or
researchers, to generalize results to other similar unionid species or include other species with
similar traits in landscape genomic studies.
The objective of this study is to compare the ability of traits-based and species-based
approaches to identify landscape factors that are significant in shaping the genetic diversity and
genetic differentiation of eight imperiled freshwater mussel species. I predict that the traits-based
model will exhibit similar results to the species-based model because I expect species in a similar
trait group to exhibit similar genetic responses to landscape features. This is because key species
characteristics are likely driving, in large part, their genetic response, and thus species with
similar traits should respond in a predictable manor. I hypothesize that the species-based
approach will exhibit better model performance, but I expect the traits-based model will result in
similar conclusions. I expect this to be the case because the species-based approach has higher
mathematical explanatory power, but biologically the two methods may provide equivalent
insights. Utilizing the traits-based and species-based approaches will allow me to add further
comparative inferences to landscape genetic analyses.
In conducting landscape genetic analyses, I gathered information for landscape factors
that are significant in shaping the genetic diversity of a species in this study. The landscape
parameters I collected are a proxy for important ecosystem processes. First, assuming that land
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use and watershed size are associated with habitat quality and quantity, I predict that an area
associated with large watershed area and highly forested and lowly developed watersheds will
result in higher genetic diversity. This is because I expect habitat quantity to increase with
watershed size and habitat quality to increase if as the percentage of forested area increases and
habitat quality to decrease as developed area increases. High habitat quality, and a large quantity
of habitat will result in a higher genetic diversity, due to that area’s ability to support a larger
unionid population, resulting in slower genetic drift. More specifically, I predict land uses
associated with human activity will decrease habitat quality resulting in lower genetic diversity,
and there will be an optimal watershed size that is large enough to support unionid populations,
but small enough that the stream flow or depth are not so great to prevent the establishment of
mussel populations. Identifying landscape factors that are significant in shaping genetic
differentiation between individuals, I hypothesize that geographic distance and human alterations
that fragment the landscape will be associated with decreased gene flow between populations. I
predict that populations separated by barriers or significant distances will exhibit the greatest
genetic differentiation, caused by decreased migration of individuals between those populations.
Due to the limited dispersal potential of unionids, I specifically expect distance between
populations to be the most significant driver of genetic differentiation between populations.
Methods
Field and laboratory methods
This project was part of a larger project to characterize genetic diversity of eight
imperiled freshwater mussel species that occur in North Carolina. Those species are the Dwarf
wedgemussel (Alasmidonta heterodon), Appalachian elktoe (Alasmidonta raveneliana), Brook
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floater (Alasmidonta varicosa), Yellow lance (Elliptio lanceolata), Atlantic pigtoe (Fusconaia
masoni), James spinymussel (Parvaspina collina), Tar spinymussel (Parvaspina steinstansana),
and Tennessee clubshell (Pleurobema oviforme). Descriptions of these species’ ranges and
current status are in Chapter 2. The sampling design of these mussels focused on breadth over
depth, emphasizing collection of 3-5 individuals from as many North Carolina watersheds as
possible, rather than large numbers of individuals from each location. Also, most of the species
in the study are severely imperiled and therefore it can be unrealistic to obtain large sample sizes.
Additional locations and samples from other states were included as opportunity arose (Figure
2.1). Buccal swab samples were collected from live mussels using MS-02 Isohelix buccal swabs
and immediately stored in Isohelix Xtreme DNA buffer and frozen until processed. Tissue
samples were collected from preserved specimens or individuals found deceased in the wild,
placed in 90% ethanol, and stored at <–40°C. The DNA from tissue samples were extracted
using the E.Z.N.A. Mollusc DNA Kit (Omega Bio-tek, Norcross GA) which includes RNA
digestion. Buccal swab DNA was extracted using the Xtreme DNA Isolation Kit (Isohelix, Kent
UK) with an added RNA digestion step. Genomic libraries were created using the 3RAD
protocol (Hoffberg et al., 2016) and sequenced on an Illumina HiSeq 4000 at the University of
Oregon Bioinformatics Core using 150 base-pair, paired-end sequencing. I used the Stacks
pipeline (J. Catchen et al., 2013) to assemble loci from the raw genomic data and a suite of
additional software to identify SNPs that were reliably genotyped and selectively neutral for each
species (see Chapter 2). Resulting putatively neutral SNP datasets were subjected to the
landscape-genetic analyses that follow.
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Genomic response variables
Landscape genomic analyses were conducted using individual-based genomic response
measures in order to include as many samples and data points as possible. It is important to
include as much data as possible in this study because many of the focal species are severely
endangered, so collecting more samples for those species is difficult and it is important minimize
any impacts caused by sampling for those species. I calculated individual genomic diversity
[observed heterozygosity (Ho)] for each individual mussel and genetic distance between all pairs
of individuals of the same species [proportion of unshared alleles (Dps)]. I calculated both
measures in R (R Core Team, 2019), using hierfstat (Goudet, 2005) to calculate Ho, and adegenet
(Jombart, 2008) to calculate Dps. Using these individual measures of diversity removes the need
to create ad hoc populations, making the measures valid for any scale of investigation (Shirk et
al., 2017). There are several individual measures of genetic distance, but it has been shown that
Dps is one of the most contemporary individual based measures and has been able to account for
more genetic variation than other popular measures such as Fst and Rousset’s a (C. R. Miller &
Waits, 2003; M. A. Murphy et al., 2010). Analyzing multiple individuals per population can
potentially create pseudoreplication (Hurlbert, 2004). However, since my sample sizes typically
were similar across populations, I believe the biases from pseudoreplication to be minor, and
information gained from the ability to use all locations is substantial (Colegrave & Ruxton, 2018;
Davies & Gray, 2015).
Landscape predictors
Two sets of candidate landscape predictor variables were developed, one for predicting
Ho and one for predicting Dps. Because Dps data were in pairwise form, I calculated the value of
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the candidate predictor variables between pairs of sampling locations within a species. I
measured the along-the-stream spatial distance between locations in kilometers using ArcGIS
10.6, the total elevation change between locations using the DEM dataset (Gaesch et al., 2018),
and the presence and type of movement barriers between locations. I classified barriers into four
categories, representing presumed increasing impassibility to gene flow [no known barriers (i.e.,
completely riverine connection), reservoir between locations (path between locations must go
through a reservoir but does not cross the dam), dam between locations, path of travel between
samples requires going to the ocean (interbasin)]. If more than one classification applied to a
pair, I applied the highest barrier value to that observation. Using StreamStats I measured the
difference in upstream drainage area between locations in square kilometers to represent changes
in habitat size, predicting that mussels will exhibit greater genetic distances between individuals
that occur in more different drainage areas which is likely because they are less likely to disperse
to habitats that are very different in size. Distance, change in stream size, change in elevation,
and barriers represent potential impediments to movement, thus I expect as these parameters
increase the likelihood of dispersal occurring across them decreases, resulting in decreased
geneflow. I calculated four candidate landscape variables at the location of the sampled
individual for predicting Ho (i.e., not pairwise). First, I calculated the upstream drainage area
using the USGS StreamStats application, which does this by delineating the watershed above a
certain point. Upstream drainage area can be viewed as a proxy for stream size, which is
associated with available habitat, predicting that larger available habitat will be associated with
larger populations which will contain higher genetic diversity. Within StreamStats I calculated
the percent of the drainage area that was covered by development, agriculture or forest using the
previously delineated watershed. The development, agriculture, and forest landcover data were
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compiled from the 2001 National Landcover Database. The 2001 NLCD layer was used because
it is likely better associated with when the genomes of the individuals in this study were made
and it was almost perfectly correlated with the 2011 layer, so there would be no significant
difference in results by using one layer over the other. The previously discussed land use
categories were assigned using the Anderson Land Cover Classification System (Anderson,
1976). Using the agriculture and development land covers I ascertained the impact human
activities are having on the genetic diversity of unionids and attributed the relative effect of the
specific activity. The forested landcover dataset will represent high-quality watershed area,
allowing me to assess the importance of high-quality habitat. Sources and descriptions of
predictors are provided in Table 3.6.
Species’ traits
To assess whether species with similar life-history traits responded similarly to landscape
features, models were built using a “Species” or “Trait” variable, where I created separate
models that use either of the two variables to categorize individuals and compared model
performance. The “Species” variable consists of eight classes that correspond to the taxonomic
identity of the individual. The “Trait” variable consists of three classes, corresponding to slow,
intermediate, or fast life history. These categories are defined by life history traits that affect the
species longevity and reproductive output (Table 1.1). Namely, fast species have high fecundity
and short life spans, slow species have low fecundity and long lifespans, and intermediate
species are found somewhere between the two (Winemiller, 2005). To assess the ability of
functional traits, relative to species taxonomy, in predicting genomic responses, I created
alternative sets of models comparing the two. Model performance was based on R2, with the
higher performing model having a higher R2 value.
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Data analysis
I used a random forest (RF) modeling approach to assess the landscape effects on genetic
diversity within populations and the genetic differentiation between populations. Issues that
commonly arises in landscape genomic datasets include high signal to noise ratio due to inherent
genetic variation among individuals, non-normally-distributed variables, collinearity among
predictors, non-linear relationships, and spatial autocorrelation (Frichot et al., 2012; Fumagalli et
al., 2013). These characteristics pose severe problems to parametric statistics that can lead to
violation of assumptions, erroneous results, or insignificant findings (M. A. Murphy et al., 2010;
Schielzeth et al., 2020). Because the RF modeling approach is a non-parametric method it makes
no assumptions of the distribution of the data, making it robust to issues associated with
distributional assumptions (Cutler et al., 2007). This method has been used more commonly in
ecological studies such as species distribution modeling (Čengić et al., 2020; Picardi et al., 2020;
Rather et al., 2020; Shoemaker et al., 2018; Vezza et al., 2015), but is rarely used in landscape
genetic studies (M. A. Murphy et al., 2010). RF is an ensemble machine learning approach that
creates numerous decision trees and outputs the mean prediction of all trees (Cutler et al., 2007;
De’ath & Fabricius, 2000). Each decision tree is grown by selecting a random subset of predictor
variables and testing which predictor variable can split the data into the two most homogeneous
groups. This splitting process is repeated until all variation has been accounted for or all levels of
the predictor variables have been used.
Models were built using the randomForest package in R (Liaw & Wiener, 2002; R Core
Team, 2019). There are two main parameters of concern in this approach, ntree and mtry. I tested
the number of trees grown (ntree) from 10-100,000 and set ntree=1,000 because it showed
convergence and stability of results. The number of variables to test at each split (mtry) was set
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to 1, due to the relatively small number of predictor variables in each model. I then calculated the
variance importance score for each predictor using percent increase of mean squared error
(%incMSE). This is calculated by measuring the percent increase in MSE when the predictor
variable in question is effectively removed from the model by randomly permuting its values
among observations. I considered predictors with the highest %incMSE to be most important for
predicting the response variable (Ho or Dps).
Model selection
Although random forests are more robust than linear models to collinearity, variables that
covary can exhibit reduced importance scores and complicate overall model interpretability
(Biau, 2012). To address this issue, I assessed collinearity in potential predictor variables and
removed variables that exhibited high collinearity. First, I tested the continuous predictor
variables for collinearity (Appendix 1). If two variables exhibited a Pearson’s coefficient higher
than 0.6, I built separate RF models to test the performance of each variable. I ran each unique
set of independent landscape predictors with each biological predictor to compare the
performance of traits to species. Model performance was assessed using coefficient of
determination (R2). Models with the highest R2 were selected as the best performing model. Then
partial dependence plots were created using pdp (Greenwell, 2017) in R to assess the parameter
effects and their interactions for each of the highest performing models per biological predictor.
Results
Sample collection and genomic processing
I successfully identified 2,594–11,460 putatively neutral SNPs per species from a total of
294 individuals from 131 unique locations (Figure 2.1 & Table 2.1). Due to the highly imperiled
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status of these species and inherent differences in their abundance and distributions, sample sizes
varied across species (Table 2.1) and across sites within species (Table 2.2). Sample sizes at a
location varied from 1-11 and sample sizes by species varied from 10-83. It is important to note
this data characteristic when analyzing the data, in order to account for relationships that could
be partly driven by sample size variation. A total of 4 and 5 predictor variables were assessed for
their importance in predicting Ho and Dps, respectively (Table 3.1).
Landscape collinearity and model selection
I tested the continuous variables in the genetic diversity dataset and found that the
percentage agriculture and percentage forested variables were highly correlated (R2=0.85). I did
not find any correlations higher than 0.6 in the genetic distance (Dps) dataset (Appendix 5). For
the genetic distance dataset, the complete model was used resulting in (Table 3.2):
𝐷𝑝𝑠 ~ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 + 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐴𝑟𝑒𝑎
+ (𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑜𝑟 𝑇𝑟𝑎𝑖𝑡𝑠)
I created two competing models comparing the results when the percentage forested and
percentage agriculture predictors are used separately in the genetic diversity dataset. The model
using percentage forested produced an R2 of 0.75 or 0.78 using traits and species, respectively.
The model containing percentage agriculture produced an R2 of 0.74 and 0.77 for traits and
species respectively (Table 3.2). Using percentage forested in the genetic diversity dataset
resulted in a higher R2, and was thus used in the final model resulting in:
𝐻𝑜 ~ 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 + % 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 + % 𝐹𝑜𝑟𝑒𝑠𝑡𝑒𝑑 + (𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑜𝑟 𝑇𝑟𝑎𝑖𝑡𝑠)
Landscape predictor importance
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In the genetic diversity model, species or traits group and drainage area were the most
important predictors, and in the genetic distance model, along-stream-distance and barriers were
the most important predictors. In the genetic diversity model using species, drainage area was the
most important predictor, with an importance score of 60, and species was the second most
important, with an importance score of 54. However, in the traits model of genetic diversity, the
most important predictor was traits, with an importance score of 58, and the second was drainage
area, with a score of 51. The remaining two variables’ ranks remained consistent across the two
models, with percentage forested being the third most important and percentage developed being
the least important. In the genetic distance dataset, along-the-stream distance between locations
and barrier type between locations were the two most important predictors, with both having an
importance score of 66 in the species model and 62 and 57 respectively in the traits model. In the
species model of genetic distance species was the third most important predictor followed by
change in elevation and lastly change in drainage area with importance scores of 61, 53, and 40,
respectively. In the traits model of genetic distance, change in elevation was the third most
important predictor followed by trait and lastly change in drainage area with importance scores
of 56, 55, and 37, respectively. Despite between-model variation in the relative ranks of predictor
importance, partial dependence plots show that the shapes of the relationships were consistent
across models (e.g., Figure 3..2).
All species exhibited higher model-predicted genetic diversity (Ho) in habitats with
relatively low development (5-10%), highly forested drainage area (70-80%), and relatively
small drainage areas (<1500 km2) (Figures 3.7–3.9). The genetic distance model was less
consistent across species and traits groups, so it is more difficult to make generalities. I did find
predictors that were identified as most important predicted Dps over a wider range than the less
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important predictors. For instance, distance was one of the most important predictors in the
genetic distance dataset and shows prediction of Dps values that range from 0.22-0.28 for the
overall model, with an even wider breadth when the interaction of species (0.20-0.31) and traits
(0.215-0.30) are accounted for (Figure 3.2). Whereas change in drainage area was the least
important predictor in the genetic distance dataset and only shows prediction of Dps values from
0.235 to 0.245 in the overall model (Figure 3.5). Such a narrow range of predictions implies that
the predictor was less able to identify relationships outside of the mean.
Comparison of species- and traits-based models
Both species and traits models were able to explain a majority of the variation in each
dataset with the species models accounting for slightly more of the variation in the data. In the
genetic diversity dataset R2 was 0.78 for species and 0.75 for traits. In the genetic distance
dataset, R2 was 0.87 for species and 0.81 for traits. In the genetic diversity dataset, the species in
the same trait group exhibited similar genetic responses to a given landscape predictor, with the
exception of P. collina (Figure 3.7-3.9). This was not the case in the genetic distance dataset. I
found that the species in each trait group varied significantly in their genetic distance response to
each landscape predictor (Figure 3.2-3.5).
Discussion
Using random forests, I identified significant landscape factors that shape the genetic
diversity within unionid species and landscape factors that drive genetic differentiation between
unionid populations. To my knowledge, this is the first study to employ random forest models in
a multi-species comparative landscape genomic analysis of unionid mussels. The random forest
method was able to accommodate non-normal and collinear data (Appendix 1) and revealed
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clearly non-linear responses, such as the threshold relationship between spatial distance and Dps,
that would be more difficult to characterize using linear methods. Identifying landscape factors
that are significant in shaping the genetic diversity within a species leads to a better
understanding of the mechanisms that drive these relationships, such as IBD or historical
population structure.
Identifying geographic distance as the most significant predictor for genetic distance
along with the significant IBD results in Chapter 2 highlight the importance of isolation to the
genetic of these species. Barriers are likely significant drivers of genetic differentiation because
many of the fish hosts for the unionids in this study are small, benthic fishes, such as darters, that
are not likely able to overcome most barriers. If unionid offspring cannot be carried across an
upstream barrier, then the gene flow between populations separated by a barrier are going to
decrease, if not cease completely. The species that corresponded to a trait group did not exhibit
similar responses for each predictor variable in the genetic distance model. This is likely because
dispersal is the most significant trait that effects genetic distance. Upon further investigation of
the fish host species and their dispersal potential I decided that there is likely not enough
diversity of dispersal potential across the trait groups that I delineated to exhibit a significant
relationship, at least one species that utilized high mobility fish hosts were in every life-history
category. I also found that the fish hosts identified for each species are not necessarily exhaustive
lists. Further study can help to clarify fish hosts for each species and better characterize their
dispersal potential. This will likely result in the species being grouped differently for dispersal
potential than they are grouped in this study, which corresponds best with longevity and
fecundity. Although genetic distance did not work well with the traits-based approach in this
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study, the individual species results are still informative and identify important landscape factors
that influence genetic distance within a species.
In the genetic diversity traits-based analysis I found consistent results, where each trait
group exhibit similar genetic responses to each predictor variable. This is likely because the three
trait groups are best delineated by longevity and fecundity, which can have strong effects on
genetic diversity (Fuller, 2017; Romiguier et al., 2014). The fast trait group exhibited the lowest
genetic diversity and the intermediate trait group exhibited the highest (Figure 3.6). One
explanation for this could be that the reduced genetic diversity in the fast trait group is caused by
frequent, widespread population bottlenecks. Due to the fast trait group’s short life span (~10
years for A. heterodon) they lose genetic diversity quickly to population bottlenecks without
strong recruitment (Michaelson, 1993). The three species in the fast group are experiencing
widespread population declines, meaning they are not recruiting well in the wild, and likely have
not been doing so for an extended period (Biello, 2010; Haag & Williams, 2014; J. Jones, August
26, 2019). In contrast, the higher genetic diversity in the slow and intermediate trait groups could
be vestiges of large, well connected, populations of the past (Figure 3.6). Since species like P.
oviforme can live potentially for longer than 50 years, it is possible the genomes sampled in this
project were created before, or are within a couple of generations of, population declines, when
they exhibited a larger effective population size (Richard J. Neves & Moyer, 1988). Regardless
of traits, all of the species exhibited specific ranges of drainage area that had the highest genetic
diversity. This implies that across the landscape there are limited stream sizes that are suitable
for mussels. Most importantly, These species also exhibit a negative genetic response to
development and positive genetic response to forested area. This highlights the negative impact
human activity has on unionid genetic diversity. Thus, if human activity increases in the drainage
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areas that are most suitable for unionid populations the genetic diversity of the species is likely to
decrease due to population decreases or losses caused by loss of suitable habitat.
My results suggest that using a traits-based approach can add mechanistic understanding
of species evolution and potentially could allow predictions to be made about genetic diversity in
as-yet-unstudied species with similar life-histories. However, life-history traits were poor
predictors about factors affecting gene flow for these species. The traits-based model exhibited
strong explanatory power (R2=0.81) but the trait factor itself was of low importance and there
was high interspecific variation in species’ responses within trait groupings. This could be
explained by the weak differentiation of dispersal capability across the unionid species in this
study, which is generally thought to be largely dependent on their fish hosts (Haag, 2012; Haag
& Leann Staton, 2003; M. P. Miller et al., 2002). All but two of the mussel species in this study
are classified as utilizing high mobility fish hosts, such as Yellow perch and various minnow
species (Table 1.1 & Figure 1.1). With little variation across the fish host mobility across the
species in this study it is possible I was not able to differentiate dispersal ability of unionids in
the traits I delineated. It is also worth noting that dispersal potential of unionids is likely poorly
described because the identification of fish hosts is likely not exhaustive and not always
reflective of nature and the dispersal ability of any host fishes is typically poorly understood
(Roberts et al., 2008). There are few studies in nature that investigate the fish host relationship
with unionids (Haag, 2012). Most often unionid fish hosts are identified in a laboratory
environment or by identifying glochidia found on fish in the wild (Moorman & Gordan, 1993;
Watters & O’Dee, 1997; Weaver et al., 1991). These host identifications are likely nonexhaustive and do not identify the relative prevalence of a fish host for each mussel species.
There also is no research I am aware of that has characterized the mussel gamete dispersal

99
potential and comparing this dispersal to the larval dispersal that is conducted by fish hosts.
Without thorough understanding of these characteristics, it can be difficult to accurately assess
dispersal potential of a unionid species.
Although there are advantages to multi-species landscape genetic analyses, there are
caveats that must be noted when considering these approaches. First, variable sample sizes
across species and locations can drive an observed relationship when they are combined. I found
that species with larger numbers of samples were able to strongly influence a relationship when
observations were combined across species for the traits-based approach. For instance, A.
varicosa always exhibited the lowest genetic diversity and is the species in the fast group with
the largest number of samples. The biggest disparity between sample sizes in this group is
between A. varicosa with 83 samples and A. heterodon with 16 samples. Due to this relationship,
the observed relationship when looking at a partial dependence plot based on trait group was
highly influenced by relationship of A. varicosa (Figure 3.1-3.9). Second, it is important to note
the sampling coverage of a species range and that observations can be representative of only part
of a species range and genetic diversity. When investigating the species and diversity interactions
with landscape factors, I found that P. collina had a much lower predicted Ho than the rest of the
species in its trait group (e.g., Figure 3.9). In this study I focused on the North Carolina range of
these species and was only able to obtain one sampling location in Virginia for this species.
However, the largest, healthiest, populations of P. collina likely occur in Virginia (Moser, 1990;
Petty, 2005). With further sampling of Virginia populations for P. collina, it is likely that the
genetic diversity would increase to a level closer to what was seen in the other species in the
intermediate trait group. Finally, when comparing species- and traits-based models it is important
to note the differences in the mathematical properties of the two datasets. The slight
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improvement always seen in a species-based dataset could be explained by the fact that the
species variable has more categorical levels than the traits variable, and the trait categories are a
perfectly nested subset of the species categories. Unlike in linear modeling wherein during
formalized model selection through AIC, models that utilize more parameters would be
penalized. Model complexity (e.g., more categorical levels) is not accounted for in RF
comparisons. The small number of parameters in the models for this study reduces the
importance of model selection and by assessing parameters for collinearity it is not likely the
models will produce erroneous results.
Future studies looking to utilize a traits-based approach need to be able to define
significant traits within the focal species for the method to provide mechanistic predictive power.
That is why the traits-based approach worked in the genetic diversity dataset. In the traits, I
delineated for this study species longevity was likely the most significant. This is because
longevity is the best defined, follows the trait group delineations best of any trait, and is the most
variable between trait groups, with lifespans ranging from ~10 to >50 years. Because longevity
would have no bearing on a species dispersal ability it would have little defining effects in gene
flow. I expect traits-based approaches to landscape genetics investigations to be most effective
under the following conditions:
1. Studies investigating coarse landscape effects, such as range wide habitat assessment or
effects of pollution in a watershed, could benefit from a traits-based approach. Grouping
similar species that will be affected by the same landscape factors will increase study
efficiency and broaden results. Using a traits-based approach also improves the
understanding at the ecosystem level because a larger portion of the biodiversity present
in the ecosystem is included in the study.
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2. Genetic responses to translocation efforts can be difficult to detect or understand (Scott et
al., 2020; Seaborn & Goldberg, 2020; Weeks et al., 2011). Using a traits-based approach,
a researcher could use a suite of similar species to investigate a species response to
translocation. Researchers could use several species that have not undergone
translocations but have similar traits as a base line for species that have undergone
translocations. Findings such as a reversed IBD relationship of the translocated species to
all of the other species, or dampened genetic diversity relationships to the landscape,
could be signals of unnatural translocation effects to the species genomics. However,
precautions should be taken to not overextend the results of such studies.
3. A traits-based approach can help in an investigation of a suite of species where the
abundance and distribution of the suite of species varies greatly. This is most similar to
what was done in this study. Utilizing the suite of species with similar traits in the study
allows the researcher to borrow observations across species. This greatly improves the
sample size and breadth of the study for all species. However, it is important to keep in
mind the sample distribution of each species in this kind of study. While the species are
similar, they are not the same, so if there are unexpected results within a species it could
be due to the data being driven by observations of a different species that was better
sampled at that point.
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Table 3.1: Sources and descriptions of landscape and biological variables evaluated in RF models.
Variables
Biological
Trait
Species

Abbreviation

Source

Variable type

Description

trait
species

See
Table
1.1

Categorical
Categorical

Individuals organized by functional group
Individuals organized by species identity

distance
∆elevation

USCB
DEM

Continuous
Continuous

Barriers

barrier

NID

Categorical

Change in upstream
drainage area

Δdrain

USGS

Continuous

Along-stream distance between sample locations
Absolute change in elevation between sample
locations
Description of barriers to dispersal between sample
locations. No barriers (1), reservoir (2), dam (3),
ocean (4).
Absolute difference of upstream drainage area
between sample locations

Genetic Distance
Spatial distance
Change in Elevation

Genetic Diversity
Elevation
elevation
DEM
Continuous
Elevation (m) at sampling location
Drainage Area
drainage
USGS
Continuous
Upstream drainage area
Percent area forested
%forest
NLCD Continuous
Percent of upstream drainage area that is forested
Percent area agriculture %ag
NLCD Continuous
Percent of upstream drainage area that is agriculture
Percent area developed %developed
NLCD Continuous
Percent of upstream drainage area that is developed
Notes: USCB: United States Census Bureau TIGER/Line, DEM: digital elevation model from United States Geological Survey at 30meter resolution, NID: Army Corps of Engineers National Inventory of Dams, USGS: StreamStats from United States Geological
Survey, NLCD: National Land Cover Database (2001 and 2011) percentages were calculated by StreamStats.
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Table 3.2: Description of all RF model results. Response variable column is the genetic measurement used to assess the model. Ho is
observed heterozygosity which corresponds to the genetic diversity dataset. Dps is the distance of the proportion of shared alleles
between individuals, measured as 1-proportion of shared alleles, this corresponds to the genetic distance dataset. R2 is the random
forest model’s coefficient of determination. The predictors column contains the predictor variables contained in each model, ranked
from highest to lowest importance score (%incMSE, in parentheses). The %forest and %ag were used in separate models because they
were 85% correlated (Appendix 5). The models for downstream analysis for each species or trait model are in bold.
Response variable
Ho
Ho
Ho
Ho

R2
0.78
0.75
0.77
0.74

Dps
Dps

0.87 distance (66), barrier (66), species (61), Δelevation (53), Δdrain (40)
0.81 distance (62), barrier (57), Δelevation (56), trait (55), Δdrain (37)

Predictors
drainage (60), species (54), %forest (52), %developed (51)
trait (58), drainage (51), %forest (52), %developed (49)
species (59), drainage (59), %developed (52), %ag (48)
trait (57), drainage (53), %developed (50), %ag (46)

104

Figure 3.1: Model prediction of genetic distance (Dps) for each species (A) or trait group (B). Colors correspond to each trait group,
red=fast, green=intermediate and blue=slow. Whiskers range from the 5th to 95th percentiles, box height is the interquartile range, the
black line is the median and the yellow point is the mean value. The species are as follows: A. het.=A. heterodon, A. rav.=A.
raveneliana, A. var.=A. varicosa, E. lan.=E. lanceolata, F. mas.=F. masoni, P. col.=P. collina, P. ste.=P. steinstansana, and P. ovi.=P.
oviforme.
A.

B.
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Figure 3.2: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between the genetic
distance (Dps) and along-the-stream spatial distance separating pairs of individuals. Red, green, and blue lines indicate species in the
fast, intermediate, and slow trait groups, respectively. The black dashed line shows the model-predicted mean response across all
species or trait groups, holding all other variables in the model constant at their mean values.
A.

B.
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Figure 3.3: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between the genetic
distance (Dps) and the sample barrier class. Red, green, and blue lines indicate species in the fast, intermediate, and slow trait groups,
respectively. The black dashed line shows the model-predicted mean response across all species or trait groups, holding all other
variables in the model constant at their mean values.
A.
B.
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Figure 3.4: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between the genetic
distance (Dps) and total change in elevation between individuals. Red, green, and blue lines indicate species in the fast, intermediate,
and slow trait groups, respectively. The black dashed line shows the model predicted mean response across all species or trait groups,
holding all other variables in the model constant at their mean values.
A.
B.

108
Figure 3.5: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between the genetic
distance (Dps) and change in drainage area between individuals. Red, green, and blue lines indicate species in the fast, intermediate,
and slow trait groups, respectively. The black dashed line shows the model-predicted mean response across all species or trait groups,
holding all other variables in the model constant at their mean values.
A.
B.
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Figure 3.6: Model prediction of genetic diversity (Ho) for each species (A) or trait group (B). Colors correspond to each trait group,
red=fast, green=intermediate and blue=slow. Whiskers range from the 5th to 95th percentiles, box height is the interquartile range, the
black line is the median and the yellow point is the mean value. The species are as follows: A. het.=A. heterodon, A. rav.=A.
raveneliana, A. var.=A. varicosa, E. lan.=E. lanceolata, F. mas.=F. masoni, P. col.=P. collina, P. ste.=P. steinstansana, and P. ovi.=P.
oviforme.
A.

B.
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Figure 3.7: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between genetic diversity
(Ho) and the upstream drainage area associated with that sample location. Red, green, and blue lines indicate species in the fast,
intermediate, and slow trait groups, respectively. The black dashed line shows the model-predicted mean response across all species or
trait groups, holding all other variables in the model constant at their mean values.
A.
B.
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Figure 3.8: Partial dependence plots showing the interaction of species (A) or trait (B) with relationship between genetic diversity (Ho)
and the percentage of the upstream watershed area that is forested. Red, green, and blue lines indicate species in the fast, intermediate,
and slow trait groups, respectively. The black dashed line shows the model-predicted mean response across all species or trait groups,
holding all other variables in the model constant at their mean values.
B.
A.
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Figure 3.9: Partial dependence plots showing the interaction of species (A) or trait (B) with the relationship between genetic diversity
(Ho) and the percentage of the upstream watershed area that is developed. Red, green, and blue lines indicate species in the fast,
intermediate, and slow trait groups, respectively. The black dashed line shows the model-predicted mean response across all species or
trait groups, holding all other variables in the model constant at their mean values.
A.

B.

113
CHAPTER 4: GENERAL CONCLUSIONS AND FUTURE DIRECTIONS
This thesis was completed in order to gain a better understanding of the population
genetic structure, diversity, and differentiation of eight imperiled freshwater mussel species and
how that structure is influenced by landscape factors and biological traits. Using novel genomic
and statistical approaches, I delineated genetic populations and assessed the genetic diversity of
the populations. I also characterized the influences of landscape factors and biological traits on
the genetic diversity and differentiation within these species. This information will aid in the
assessment and creation of conservation plans for these species.
In Chapter 2, I delineated populations for each of the eight unionid species and measured
their genetic diversity. I found that populations typically formed at the basin or main channel
river scale. This indicates that the species are able to exhibit enough gene flow across individuals
within a basin to prevent population differentiation. There were not any clear examples of one
basin, or large area, harboring higher or lower genetic diversity for species occurring within it.
This is evidenced by populations with high genetic diversity only being found at specific sites.
There seems to be no large-scale high-quality area that can harbor large, genetically diverse,
populations of these mussels in North Carolina. This is further supported by models that
predicted higher genetic diversity in small upstream watershed areas. When investigating the
diversity found within the A. varicosa populations, I found that all of the samples that occurred
in the Uwharrie river system showed substantial differentiation from the rest of the species. This
could further support designation of these populations as a separate species in the future.
In Chapter 3, I conducted a novel landscape genomic analysis wherein I compared the
efficacy of species-based and traits-based approaches for identifying significant landscape
factors and quantifying their effect on genetic diversity and differentiation. I found that models
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grouping individuals by species or traits performed similarly and prescribed similar results in
describing landscape effects on genetic diversity. In both models, I found that highly forested
watersheds, about 70-80% of landcover, with little developed area (<10%) and a small upstream
drainage area (<1,500 km2) held the highest genetic diversity. Traits-based models predicting
genetic distance were found to be combining high levels of interspecific variation. Meaning that
the variation in genetic responses seen across the species in one trait group typically spanned the
responses of species in another trait group. This is likely due to a lack of diversity between, and
understanding of, the dispersal potential of the species in this study. Using species-based models
for genetic distance I found that spatial distance had the strongest effect on the genetic distance
between individuals, followed by barrier type and presence. Genetic distance being strongly
influenced by the spatial distance between individuals highlights an IBD relationship in unionids.
Strong relationships between genetic distance and spatial distance can signify that a species is
sensitive to fragmentation, meaning that human activities that fragment the landscape, such as
urbanization or constructing dams, can have a substantial isolating effect on the species.
When using the traits-based approach, I was able to further investigate evolutionary
questions of genetic diversity that otherwise would have gone unnoticed. I found that the species
in the “fast” life-history functional group (shortest life span and highest fecundity) are exhibiting
the lowest genetic diversity and the species in the slow functional group (longest lived and
lowest fecundity) exhibited medium genetic diversity and the intermediate trait group exhibited
the highest genetic diversity. This could be because species in different trait groups likely exhibit
genetic responses at different rates. All of the species in this study are experiencing population
declines and are losing genetic diversity in response. Thus, if all species started with the same
levels of genetic diversity, species with high rates of genetic response will exhibit lower genetic
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diversity sooner due to decreases in population size. Because these population declines have
been occurring over a relatively long period, with little or no evidence of periods of recovery, the
short lived, highly fecund, species have not been able to recover their genetic diversity through
their characteristic high recruitment. Whereas the longer-lived species are able to retain the
higher genetic diversity associated with historically larger populations. This is because the
genotypes of the individuals sampled were either created when those large historical populations
existed or were created by parents that are within one or two generations of those populations. If
true, this suggests that predicted reductions in genetic diversity have not yet occurred, but may
be inevitable, similar to the principle of an “extinction debt” (Kuussaari et al., 2009). The species
in the intermediate trait group are likely exhibiting the highest genetic diversity because they are
able to utilize the best of both the slow and fast species’ traits, where they have a longer lifespan
than the fast species, so they are able to retain past genetic diversity for longer, but they are also
able to produce offspring faster than the slow trait group allowing them to recover and maintain
diversity through disturbances.
This study brings forth novel ideas and tools for conservation and management of
imperiled freshwater mussels. This is the first landscape genetic study to implement a highthroughput sequencing approach resulting in thousands of SNP markers for a suite of unionids.
This is also the first time any of the species in this study have undergone a comprehensive
population genetic analysis using nuclear DNA. I also utilized a random forest landscape
genomics approach in conjunction with a traits-based framework that allows for the investigation
of landscape effects, and the evolutionary trends of a functional group. All of these approaches
can be used to inform management practices and aid in continued genetic monitoring over time.
For example, a targeted sequencing approach can be used to continuously monitor the species in
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this study and how genetic diversity and genetic differentiation change in response to
management activities. Another example is to use the landscape genomic results to identify key
habitats or the most significant environmental impacts that influence species’ genetic diversity
and genetic distance. This information can be useful in identifying populations that are in the
most significant need of conservation action or to identify habitats for reintroductions.
This study was successful in assessing several conservation genomic parameters and
there are clear steps that can be taken in future studies to further the results of this study and
address what was not accomplished here. First, I was not able to calculate effective population
size (Ne) in this study. Quantifying population size will allow managers to monitor population
trends and assess migration rates. Future studies should be able to calculate Ne with deeper
sampling of the populations in this study. Second, with deeper sampling of the current
populations and inclusion of more sites and watersheds, future studies may identify finer-scale
population structure than was found in this study, or further support this study’s population
delineations. Identifying fine scale population structure is important in maintaining the diversity
and local adaptations within a species. Further and continuous sampling will increase confidence
that all population structure and diversity is accounted for. Finally, to assist in making future and
continuous genetic monitoring cost effective and streamlined, a targeted loci panel can be created
using the genomic data from this study. A targeted panel is a selection of informative SNP loci
that when implemented can be used to include more individuals in costly genomic sequencing
runs and can greatly reduce the complexity of bioinformatic processing (Bootma et al., 2020;
Meek & Larson, 2019). With the results of this study and future directions, managers can
implement effective conservation plans for these species and monitor their progress over time.
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APPENDICES
APPENDIX 1: PCA OF INTERSPECIFIC COMPARISONS
Due to the large genetic divergence between all of the species in this study I was only able to create sufficient datasets for species that
were in the same genus. All of the Alasmidonta species clustered as expected and the taxonomically divergent group within A.
varicosa separated in PCA space, including the undescribed taxon from the Uwharrie River system. P. collina and P. steinstansana
plotted separately in PCA space, exhibiting species separation. Default stacks parameters were used to create these datasets (M=2,
m=3, n=2, N=4), with a minor allele frequency filter >0.05 and a population filter R=0.9, meaning SNPs were only retained if they
occurred in 90% of the individuals in the dataset.
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APPENDIX 2: EXAMPLE OF OBSCURATION FROM LIBRARY STOCHASTICITY AND SEQUENCING ERROR
Plots A and B are the PCA results for replicated P. collina individuals with the points color coordinated by the library they were
sequenced on. Plots C and D are the PCA results with the points color coordinated by sample location. The first column is the
structure seen before filtering for library effect loci. The second column is the result after filtering loci that were mismatched across
more than two individuals across libraries.
Before Filtering (9,829 SNPs)

After filtering (6,974 SNPs)

A.

B.

C.

D.
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APPENDIX 3: LOG LIKELIHOOD PLOTS FROM STRUCTURE FOR EACH SPECIES
Log likelihood plots were created using structure harvester (Earl & vonHoldt, 2012). Results based on ten replicates with 100,000
burn in period and 100,000 MCMC permutations. Points represent the mean log likelihood value with the vertical bars representing
variance around the estimate.
A. A. heterodon. K=3 had the highest-mean-L value and was used as the final STRUCTURE output.
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B. A. raveneliana. K=2 had the highest-mean-L value for the total dataset (A) and was used as the final STRUCTURE output and then
K=2 again had the highest mean-L value and was used in the final STRUCTURE output in the hierarchical analysis of the French
Broad Basin (B).
A. Full dataset

B. French Broad Basin
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C. A. varicosa. K=5 was chosen as the final STRUCTURE output. K=4 and 6 had the highest-mean-L values by a small margin, but
they did not delineate populations that were supported by PCA or Fst.
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D. E. lanceolata. K=2 had the highest-mean L value and was used as the final STRUCTURE output.

152
E. F. masoni. K=5 was chosen as the final output for STRUCTURE. While K=4 had a marginally higher mean-L value it was not as
well supported by PCA and Fst as K=5 is.

153
F. P. collina. K=3 had the highest-mean-L value and was chosen as the final STRUCTURE output.
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G. P. steinstansana. K=2 had the highest-mean-L value and was used as the final STRUCTURE output.
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H. P. oviforme. K=4 had the highest-mean-L value and was used as the final STRUCTURE output.
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APPENDIX 4: ISOLATION BY DISTANCE (IBD) PLOTS FOR EACH SPECIES
The y axis is, Dps=(1 – the proportion of shared alleles). The x axis is the distance in kilometers between each pairwise observation.
The regression line was calculated using multiple regressions on distance matrices in R using the ecodist package.
A. A. heterodon
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B. A. raveneliana

158
C. A. varicosa

159
D. E. lanceolata

160
E. F. masoni

161
F. P collina

162
G. P. steinstansana. Hatchery propagules were excluded from the IBD plot and Little River only had one sample, so it was not
possible to calculate Dps for that population.

163
H. P. oviforme
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APPENDIX 5: CHECKING FOR COLLINEARITY IN PREDICTOR VARIABLES
Biplots of the continuous variables to be modeled along with person’s correlations. Correlations with a higher r2 than 0.6 were not run
in the same model. Panel A are the results for the genetic diversity dataset, panel B are the results for the distance dataset.
A.

B.

